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ABSTRACT 

Title of Dissertation: Role of the wasp venom peptide mastoparan 
in the study of mechanisms involved in cell 
death. 

Samuel P. Eng, Master of Science, 1989 

Dissertation directed by: Dr. Chu Shek Lo, Associate Professor, 
Department of Physiology, USUHS 

The effect of mastoparan on membrane function in Madin Darby 

Canine Kidney (MOCK) cells was studied. Mastoparan increased [ 3H]-

inositol phosphates formation 56% (p<.001), 172% (p<.001), and 231% 

(p<.001} following treatment of 25, 75, and 100 ugjml mastoparan, 

respectively. Mastoparan-induced LDH release reached 8% at 1 min 

(p<.005) and 32% at 15 min (p<.001). Mastoparan also mediated the 

accumulation of inositol-trisphosphate with a concommitant decrease 

in the level of phosphatidylinositol-bisphosphate. Furthermore, 

mastoparan significantly activated (p<.001) phosphatidylinositol 

and phosphatidylinositol-phosphate kinase activities in a time and 

dose dependent fashion. These data suggest that the cellular toxic 

effects of mastoparan may in part be due to changes in phospholipid 

metabolism, thereby altering membrane structure and function. 

iii 



ROLE OF THE WASP VENOM PEPTIDE MASTOPARAN IN THE 

STUDY OF MECHANISMS INVOLVED IN CELL DEATH 

by 

Samuel P. Eng 

Thesis submitted to the Faculty of the Department of Physiology 
Graduate Program of the Uniformed Services University of the 

Health Sciences in partial fulfillment of the 
requirements for the degree of 

Master of Science 1989 

iv 



DEDICATION 

I dedicate this thesis first and foremost to my 

parents for their trust and support during 

much more difficult periods. 

I also dedicate this thesis to James Eng and 

Thu-Ha Trinh whose disheartening battle 

with cancer reaffirmed the nobility 

of the human spirit. 

v 



ACKNOWLEDGEMENTS 

I wish to thank Dr. Chu Shek Lo for his patience, guidance, and 

support throughout my studies. Furthermore, I am most 

grateful for having been given an opportunity 

to work in his laboratory. 

I would also like to thank Dr. David C. Clough for his 

assistance, advice, and collaborations. 

vi 



Table of Contents 

Page 

Chapter 1: Introduction and Literature Review ............... 1 

Introduction ...••........•.............................. 2 

Biogenic amines in insect venoms .•..••••................ 3 

Active peptides in insect venoms ........................ 5 

Chapter 2: Materials and Methods ............................ 11 

Materials . .............................................. 12 

Cell culture methods .•.................................. 12 

Quantitation of [3H]inositol phospholipid hydrolysis .... 13 

Quantitation of lactate dehydrogenase activity .••....... 15 

Preparation of purified plasma membranes •............... 15 

Identification of phosphatidylinositol (PI) kinase 

activity in the plasma membrane of the MOCK cells ....... 16 

Identification of phosphatidy~inositol 4-phosphate 

(PIP) ................................................... 16 

Assay of phosphatidylinositol (PI) and phosphatidyl

inositol phosphate (PIP) kinases in purified plasma 

membranes of cultured MOCK cells ........................ 17 

Preparation of isolated cell suspension from cultured 

MOCK cells .............................................. 18 

Determination of alpha-aminoisobutyric acid AIB uptake 

in isolated ·cell suspensions of MDCK cells .............. 20 

Determination of AIB efflux .....•..•••.................. 20 

Preparation of Na+,K+-ATPase .•........................... 21 

vii 



D t ' t' f N + + ' ' e erm1na 1on o a ,K-ATPase act1v1ty .................. 22 

Determination of~ for ATP, sodium, and potassium ...... 22 

Determination of phosphorylated intermediate ............ 23 

Modulation of mastoparan-induced cell toxicity by 

aminoglycosides . ........................................ 24 

Protein analysis ..•........•............................ 24 

Statistical analysis ...............•.•...•.............. 24 

Chapter 3: Mastoparan mediated phosphoinositide metabolism 

and LDH release in MOCK cells .......•............ 26 

Introduction . ........................................... 2 7 

Results . ................................................ 2 9 

The effect of mastoparan on [3H]inositol phosphates 

accumulation and [3H]inositol phosholipids depletion 

in monolayer MOCK cells .............................. 29 

Effect of mastoparan on lactic dehydrogenase (LDH) 

release . ............................................. 2 9 

Effect of mastoparan on [ 3H]inositol phosphates 

accumulation and [3H]inositol phospholipid depletion 

in MOCK cell suspension ..••••...............•........ 29 

Effect of mastoparan on PI and PIP kinase activity in 

MOCK cell plasma membrane ••••.....•.................. 30 

Effects of neomycin on [3H]inositol trisphosphate 

accumulation and LDH release ...........•............. 31 

Discussion .................••.••........................ 60 

viii 



Chapter 4: Inhibition of alpha-aminoisobutyric acid uptake 

by rnastoparan in MOCK cells ........•............ 63 

Introduction ........................................... 64 

Results . ............................................... 65 

Time course of the effects of rnastoparan on AIB net 

uptake .............................................. 6 5 

Dose dependence of the effects of rnastoparan on 

AIB net uptake ...................................... 65 

Sodium dependence of AIB net uptake ...............•. 65 

Effect of ouabain and rnastoparan on the net 3H-AIB 

uptake . ............................................. 6 5 

Effect of neomycin on rnastoparan-mediated inhibition 

3 of H-AIB net uptake .............•.................. 66 

Effect of neomycin on rnastoparan-mediated 3H-AIB 

efflux ......................................•....... 6 6 

Discussion ...............•••........................... 8 3 

Chapter 5: Inhibition of rat renal Na+,K+-ATPase by 

~ rnastoparan . ..................................... 8 6 

Introduction . .......................................... 87 

Results ................................................ 89 

Time course of the effects of mastoparan on Na+,K+-

ATPase activity ...............•.......•............. 89 

+ + 
Dose dependence of the effect of mastoparan Na , K -

ATPase activity ..................................... 89 

ix 



Page 

The effect of mastoparan on the kinetics of activation 

of Na\K+-ATPase by sodium, potassium, and ATP ........ 89 

The effect of mastoparan on the formation of 

phosphorylated intermediate ••.•....................... 90 

The effect of neomycin on the inhibition of Na+,K+-

ATPase by mastoparan ...•.............................. 90 

Discussion . .............................................. 10 6 

Chapter 6: The effects of neomycin on mastoparan-induced 

lactate dehydrogenase release, ethidium bromide 

accumulation, and intracellular fluorescein 

depletion in MOCK cells .•...•..................... 108 

Introduction . ............................................ 1 o 9 

Results . ................................................ . 111 

LOH release in response to different concentrations 

of mastoparan ..................•...................... 111 

LOH release from MOCK cells in response to increasing 

concentrations of neomycin ..•.•....••..•.............. 111 

Time course of mastoparan-induced LOH release in 

response to neomycin .................................. 111 

Inhibition of mastoparan-induced LOH release in 

response to spermidine, streptomycin, gentamicin, and 

neornyc in . ............................................. 111 

Effect of mastoparan on percent intracellular 

flourescein retention in MOCK cells ................ . .. 112 

X 



Discuss ion . ........................................... 12 5 

Chapter 7: Summary and Perspectives .............•......... 126 

Summary and Perspectives. ................... .......... 127 

curriculum vitae ..•....•...•..............•........... 132 

References . ........................................... 13 7 

xi 



Table 

3-1 

3-2 

LIST OF TABLES 

Effect of mastoparan concentration on [3H]insoitol 

phosphates accumulation and LOH release in MOCK cells •. 33 

Effect of extracellular ca+2 concentration on [3H]

inositol phosphate accumulation and LOH release in 

mastoparan treated MOCK cells .......................... 35 

3-3 Effect of mastoparan on phosphoinositide phosphoryla-

tion in plasma membranes of MOCK cells ................. 37 

3-4 Time course of mastoparan-mediated phosphoinositide 

phosphorylation in plasma membranes of MOCK cells ...... 39 

3-5 Effect of neomycin on mastoparan-mediated [3H]-

inositol phosphates accumulation and LOH release 

in MOCK cells . ......................................... 41 

3-6 Effect of neomycin concentration on mastoparan-

mediated [ 3H]inositol phosphate and LOH release ........ 43 

4-1 Sodium dependence of [3H]AIB net uptake by isolated cell 

suspensions of MOCK cells ••.............••............. 68 

5-l Effect of neomycin on rat renal Na+,K+-ATPase activity 

treated with rnastoparan ................................ 93 

xii 



LIST OF FIGURES 

Figure Page 

3-la Time course of mastoparan-mediated [3H]inositol 

phosphates accumulation and [ 3H]inositol 

phospholipid depletion ......•••.••.......•............ 45 

3-lb Time course of mastoparan-mediated LOH release .•...... 47 

3-2a Time course of [3H]inositol phosphates accumulation 

in mastoparan treated MOCK cell suspensions ........... 49 

3-2b Time course of [ 3H]inositol monophosphate (IP1) 1 

[
3H] inositol bisphosphate (IP2) 1 and [3H] inositol 

trisphosphate (IP3) accumulation in mastoparan-

treated MOCK cell suspensions ••..•..•.•.•••........... 51 

3-3 Elution profile of inositol phosphates ................ 53 

3-4a Time course of mastoparan-mediated phosphatidyl

[3H]inositol (PI) formation in isolated MOCK 

cell suspensions ..............•....................... 55 

3-4b Time~course of mastoparan-mediated phosphatidyl

[3H]inositol 4-phosphate (PIP) formation in 

isolated MOCK cell suspensions ........................ 57 

3-4c Time course of mastoparan-mediated phosphatidyl

[3H]inositol 4 1 5-bisphosphate (PIP2) formation 

in isolated MOCK cell susupensions .................... 59 

xiii 



Figure Page 

4-1 Effect of mastoparan on [3H]AIB net uptake in 

MDCK cells ............................................ 70 

4-2 Dose response of mastoparan on [3H]AIB uptake 

in MOCK cells ......................................... 7 2 

4-3 Effects of ouabain and mastoparan on [3H]AIB 

uptake . ............................................... 7 4 

4-4a Time course of the effects of neomycin on 

[
3H]AIB uptake in MOCK cells .......................... 76 

4-4b Effects of neomycin and ouabain on [3H]AIB 

net uptake . ........................................... 7 a 

4-5 Dose response of neomycin on mastoparan-mediated 

3 [ H ] AI B efflux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..... 8 0 

4-6 Effect of neomycin on mastoparan-mediated 

3 [ H] AIB efflux ........................................ 82 

5-1 Time course of the effects of mastoparan on rat renal 

Na+,K+-ATPase activity ................................ 95 

5-2 Dose~dependence of the effects of mastoparan on rat 

renal Na+,K+-ATPase activity .......................... 97 

5-3 Pattern of activation by sodium of rat renal Na+,K+-

ATPase . .............•.•.............................. 9 9 

5-4 Pattern of activation by potassium of rat renal Na+,K+-

ATPase ............................................... 101 

xiv 



Figure 

5-5 Pattern of activation by ATP of rat renal Na+,K+-

ATPase . ••.•.......•..............•.................... 103 

5-6 Effect of mastoparan on the formation of 

phosphorylated intermediate ..•••.••................... 105 

6-1a LOH release in response to different 

concentrations of mastoparan ......................... 114 

6-1b Time course of LOH release from MOCK cells 

in response to mastoparan ............................. 116 

6-2a Inhibition of mastoparan-induced LOH release 

in response to increasing concentrations 

of neomycin ........................................... 118 

6-2b Time course of mastoparan-induced LOH release 

in response to neomycin ••••••.•....................•.. 120 

6-3 Inhibition of mastoparan-induced LOH release 

in response to spermidine, streptomycin, 

gentamicin, and neomycin .............................. 122 

6-4 Effect of mastoparan on percent intracellular 

flourescein retention in MOCK cells ................... 124 

XV 



Chapter 1: 

INTRODUCTION AND LITERATURE REVIEW 



Introduction 

Cell death is an important aspect in the pathology of a 

wide variety of diseases. Possible causes of acute cellular 

2. 

toxicity leading to cell death are insect bites, antibiotics, and 

toxic chemicals. The mechanisms of cell death may involve one or 

several processes such as energy deprivation, oxidative damage, 

membrane dissolution, and inhibition of protein synthesis (Shier, 

1985). These pathways in addition to others can be employed by 

insect venoms to bring about cell damage and eventual cell death. 

Bees, wasps, yellow jackets, hornets and ants account for more 

deaths than any other group of animals (Arnold, 1973; Golden et 

al., 1989). These insects are all related members of the order 

Hymenoptera. Members of the order, in particular, bees and ants, 

are believed to have evolved approximately 100 million years ago 

1·1 
f·! 
li 

1.! 

from sphecoid wasps, a primitive wasp ancestor (Michener and fi 

Brothers, 197 4) • The criteria for the classification of these 

species is therefore quite complex and beyond the range of this 

introduction. However, information on the biology of members of 

this order can be directed to works performed by Maschwitz and 

Muhlenbe, (1975). 

Among the many insects of the Hymenoptera, wasps are 

considered to be the most harmful causing serious damage to tissues 

resulting in severe pain. This applies in particular to social 

wasps, which build large colonies comprised of 30 to 10,000 or more 

individuals. This social organization ensures rapid communication 
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of a disturbance throughout the colony, and stings (primarily 

used as a defensive weapon) from the colony can be frequent and 

multiple and are sometimes fatal to an intruder. 

Wasp venom when injected intravenously causes a reduction in 

blood pressure, contraction of smooth muscle preparations, and an 

edematous reaction on the skin (Nakajima, 1984). A fatal allergic 

reaction to the venom can evolve rapidly, resulting in upper airway 

obstruction, severe bronchial dysfunction, cardiac dysfunction, and 

hypotension (< 60 mm Hg) (Sullivan, 1986). 

Biogenic amines in insect venoms 

The high mortality rate resulting from stings by wasps, bees 

and hornets is attributed to specific venom components. The 

composition, biochemistry, and pharmacology of bee and wasp venoms 

have been well reviewed by Habermann (1972), Edery et al . , (1978), 

and O'Connor and Peck (1980). These venoms have been shown to 

contain pharmacologically active amines including acetylcholine, 

histamine, ~serotonin, epinephrine, norepinephrine, and dopamine 

(Schachter and Thain, 1954; Geller et al., 1976; Yoshida et al., 

1976). 

These so-called biogenic amines are considered common 

components of vespid and arthropod venom. The amines, though 

different from those formed in mammals, function quite similarly 

to a neurotransmitter or autacoid in insect physiology. They are 

often concentrated in the venom sac of the insect (!shay, 1978). 
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Histamine and serotonin were first reported to be the active 

amines in vespid venom (Jacques and Schachter, 1954 and Schachter, 

1970). Of these amines, histamine is the most commonly found in 

vespid venom and the only one found in substantial quantities in 

bee venom (Reinert, 1936). In contrast, acetylcholine is found in 

high concentrations in hornet venom (Bhoola et al., 1961 and Edery 

et al., 1972). The second most common amines in vespid venom are 

tyramine and dopamine which are present in concentrations from one 

fifth to one twentieth of that of histamine (Ishay et al., 1974). 

Dopamine, also a minor component, has been found in bee venom 

(Owen, 1971 and Banks et al., 1976). 

Catecholamines, such as norepinephrine (recognized as a 

neurotransmitter in insects) and epinephrine, are only present as 

minor constituents in bee and wasp venom (Edery et al., 1972; 

Nakajima et al., 1983; Ishay et al., 1974; owen, 1971; Geller et 

al., 1976; Owen and Bridges, 1982). Though the quantities of 

catecholamines reported are variable, the amounts reported are not 

sufficient to produce any pronounced pharmacological effects in 

mammmals, ~but may be quite effective in some insects. The 

variability in the quantities observed can be due to the relative 

instability and rapid oxidation of the catechol group (Edery et 

al., 1978) . Conversly, the aminergic components may be age-related 

and the variability may be due to samplings from insects of 

different age groups (Owen and Bridges, 1982). 

Most of these amines are derived from amino acids which are 

components of the venom. The presence of the aminergic pre-
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cursors would infer the activation of the corresponding enzymes ln 

the venom gland. The relative activity of these enzymes will 

determine the proportionate concentrations of biogenic amines 

present in the venom. Nevertheless, whichever biogenic amine is 

formed, it will make a substantial contribution to the lethality 

of the venom through synergistic action with other components of 

the venom. 

Active peptides in insect venoms 

These insect venoms also contain enzymes such as hyaluroni

dase, phospholipase, and active peptides such as kinins in both 

wasp and hornet venom but not in bee .venom (Schachter and Thain, 

1954; Geller et al., 1976; Yoshida et al., 1976; Habermann and 

Neumann, 1957, 1972; Shipolini, 1971). 

Kinins were first reported to be active peptides, found in 

wasp venom, that cause contraction of isolated smooth muscle 

preparations (Schather and Thain, 1954). This "wasp kinin" was 

found to exhibit pharmacological behavior similar to bradykinin 

(Rocha e Silva et al., 1949) . In addition, a similar 11 hornet 

kinin" was found in the venom of hornets ( Bhoola et al., 1961). 

currently, 11 types of wasp kinins have been sequenced, all of 

which exhibit a bradykinin sequence in the molecule (Kishirnura et 

al., 1976; Yasuhara et al., 1977; Yasuhara et al., 1983; Yoshida 

et al., 1976; Undenfriend et al., 1967; Watanabe et al., 1976; Ueno 

et al., 1977). Hornet kinins also exhibit a bradykinin sequence, 



but .unlike wasp kinins, proline at position 3 is converted to 

hydroxy-proline. 

6. 

Enzymes such as hyaluronidase are present in both bees and 

wasps (Edery et al., 1972), and whether there are differences at 

the molecular level remains to be seen. Furthermore, phospho-

lipases, present in both bee and wasp venom, appear to differ from 

each other on an immunological basis (King et al., 1978). 
' 

Although insect venoms have many components that may act 

synergistically with other components to cause cell death and 

produce an inflammatory response, it is the venom polypeptides 

which are principally responsible for causing anaphalactic shock 

and eventual death in hypersensitive individuals (Barr, 1974). 

The major allergens in honey bees (Apis mellifera) that have 

been identified are phospholipase A2 , hyaluronidase, acid 

phosphatase, and melittin. Melittin, NH3-Gly-Ile-Gly-Ala-Val-Leu

Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg

Lys-Arg-Gln-Gln-CONH2 , is a 26 residue polypeptide found 

exclusively in bee venom and consists of an N-terminal hydro

phobic region and a c-terminal polar sequence. This unique 

structure is responsible for the peptide's dramatic effects on the 

membrane. The peptide is capable of spontaneously assimilating 

into the lipid bilayer, often resulting in profound consequences 

(Knoppel et al., 1979). It is a potent stimulator of phospholipase 

A
2 

activity (Mollay et al., 1976; Yunes et al., 1977; Shier, 

1979}, and a powerful cytolytic agent (Terwillinger and Eisenberg, 

1982a and 1982b; Habermann, 1972; Sessa et al., 1969). In 
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addition, melittin is able to cause changes in mitochondrial 

respiration (Olson et al., 1974) , and alters adenylate cyclase 

activity (Lad and Shier, 1980). 

Although the components of wasp, hornet, and yellow jacket 

venom (Tu, 1977; Habermann, 1972; Edery et al., 1978) have not 

been as well studied as the honey bee venom, the major allergens 

identified are protein antigen 5, phospholipases, and hyaluronid

ase (King et al., 1978, 1983). Though it has no known enzymatic or 

biological activity to date, antigen 5 is the protein with the 

greatest allergic activity (histamine release) on a per weight 

basis (King et al., 1978, 1983). The vespid venom, unlike the 

honey bee (Apis mellifera) venom, has phospholipase B in addition 

to phospholipase A2 , proteases, and the peptide mastoparan 

(Nakajima, 1984 and Hirai et al., 1979a and 1979b). Mastoparan, 

Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-LeuNH2, is a 

tetradecapeptide present in the venom of the wasp Vespula lewisii 

and has a potent effect in causing rat peritoneal mast cell 

degranulation and histamine release (Hirai et al., 1979b, 1980). 

Though Jacques and Schachter reported in 1954 a histamine-releasing 

factor present in wasp venom, it was not unitl 1979 that Hirai et 

al. isolated, characterized, and chemically synthesized masto

paran. Subsequently, similar tetradecapeptides of different amino 

acid sequences were found in the venoms of Vespa xanthopera (Hirai 

et al., 1979), Vespa mandarina (Hirai et al., 1981), Vespa 

orientalis (Nazimov et al., 1980), and Vespa tropica (Yasuhara et 

al., 1983). 
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Mastoparan has been shown to elicit many effects. At a 

minimum concentration of 5 ugjml, mastoparan from Vespa lewisii 

caused the degranulation of rat peritoneal mast cells and histamine 

release (Hirai et al., 1979b). Mastoparans from wasps other than 

Vespa lewisii, for example, mastoparan-X from Vespa xanthopera, did 

not show such effects at the same concentration (Hirai et al., 

1979a) . 

Mastoparan can enhance ion permeability in membranes of mast 

cells through modification of membrane structure and function 

(Okumura et al., 1981). The peptide acts on adrenal chromaffin 

cells to release catecholamines (Kuroda et al., 1980). Further

more, it has been demonstrated that mastoparan induces arachidonic 

acid release from egg liposomes and rat peritoneal mast cells 

suggesting that this agent activates phospholipase activity 

(Argiolas and Pisano, 1983). The arachidonic acid that is 

subsequently released from the membrane phospholipid by 

phospholipase A2 becomes an important source from which the 

mediators of inflammation, such as prostaglandins, are derived. 

Furthermore, the release of arachidonic acid has been implicated 

in hormonal responses (Schrey and Rubin, 1979). For example, it 

has been shown that gonadotropin-releasing hormone (GnRH) increases 

arachidonic acid release from rat anterior pituitary cells (Noar 

and Catt, 1981}. Moreover, the arachidonic acid may mediate, in 

part, the intracellular regulation of hormone secretion (Camoratto 

and Grandison, 1985; Kolesnick et al., 1984) . What additional 

effects mastoparan has on other phospholipases remains to be 
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determined. It is suggested, however, that mastoparan is involved 

in the increase in phospholipid turnover which results in the 

hydrolysis of the substrate phosphatidylinositol 4,5 his-phosphate 

and the subsequent generation of two second messengers, 

diacylglycerol and inositol trisphosphate (Okano et al., 1985). 

Similar results are also obtained when various agents, including 

hormones and neurotransmitters, interact with cell surface 

receptors subsequently activating phospholipase c which would 

result in the analogous production of the same two messengers 

(Michell, 1975; Slivka and Insel, 1987). The mechanism by which 

mastoparan increases phospholipid metabolism remains to be 

elucidated since it does not appear to be "receptor" mediated 

(Higashijima, et al., 1988). 

Mastoparan is believed to interact directly with the 

phospholipids (Higashijima et al., 1983; Berridge et al., 1983). 

Since membrane phospholipids are known to regulate membrane 

permeability, hydrophobic binding of mastoparan to membrane 

phospholipids may initiate the pathogenesis of cell injury by 

altering membrane structure and function. Consequently, studies 

involving a synthesized peptide such as mastoparan would give 

information on the role of phospholipid metabolism and membrane 

function in cell injury and death. The wasp venom peptide 

mastoparan lacks the severe lytic effects of melittin. 

Furthermore, mastoparan interacts with the phospholipid membrane 

through hydrophobic interactions rather than electrostatic 

interactions as with melittin (Miyazawa and Hagashij, 1984). These 
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studies provide insight into mechanisms related to cell death. In 

addition, mastoparan appears to be a valuable tool for studying the 

pathophysiological processes venom peptides have in man. 



CHAPTER 2: 

MATERIALS AND METHODS 
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Materials 

MOCK cells were obtained from the American Type Culture 

Collection (Bethesda, MD). Mastoparan, fatty acid free bovine 

serum albumin, Tris-ATP, phosphatidylinositol (PI), phosphatidyl

inositol 4-phosphate (PIP), phosphatidylinositol 4,5-bisphosphate 

(PIP2) , alpha-aminoisobutyric acid, p-enolpyruvate, pyruvate 

kinase, ouabain and the LDH assay kit #226-UV were purchased from 

Sigma Chemicals (St. Louis, MO) . Dulbecco 1 s Phosphate Buffered 

Saline, Dulbecco 1 s modified Eagle 1 s medium (DME medium), 2 mM 

glutamine, and penicillin-streptomycin were from Gibco (Grand 

Island, N.Y.). Bovine calf serum was obtained from Hyclone (Logan, 

UT). myo- [3H] inositol, [gamma-32P] adenosine triphosphate, and 

[
3H] alpha-aminoisobutyric acid were purchased from New England 

Nuclear. Tissue culture plates and materials were obtained from 

Costar (Cambridge, MA). All other chemicals were of reagent grade. 

Cell Culture Methods 

MOCK cells (4X104
) were plated onto each well of the 24 well 

plate . The cells were grown in DME medium supplemented with 10% 

fetal bovine calf serum, 2mM glutamine, 50 units penicillin G per 

500 ml and 50 ug streptomycin sulfate per ml at 37°C in a 

humidified atmosphere of 95% air/5% C02 • The medium was changed 

twice per week. After the fifth day the wells were confluent and 

contained 7.5 + 1.5 X 105 cells (comparable to 1.5 ± .05 mg of 

proteinjwell and 50 + 5 ug DNAjwell; n=8) . Experiments were 

performed on fifth, sixth, or seventh day cultures without any 
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significant changes in cell number. 

Quantitation of rlu]-inositol phospholipid hydrolysis 

Methods used for the analysis of cellular phospholipid 

hydrolysis were described by Berridge et al., (1982) and modified 

by Beavan et al., (1984) and Maeyama et al., (1986). At least 96 

hours after plating, the MDCK cultures were labelled for 12 hours 

with myo-(2-3H]inositol (1.0 Cijwell; New England Nuclear). An 

aliquot was removed and the amount of radioisotope that had been 

incorporated into the cells' lipids showed a dpm range of 30,000-

60,000. The labelled cells were washed three times with 1 ml of 

Dulbecco's Phosphate Buffered Saline (Gibco). These cells were 

incubated at 37°C for 10 minutes with Dulbecco's Phosphate Buffered 

Saline supplemented with 0.1% Bovine Serum Albumin (Sigma, St. 

Loius, MO) and 10rnM LiCl. Mastoparan (15 ug) was added to the 

cultures in a 10 ul volume of double distilled water and was 

allowed to incubate for specified times. At the end of incubation 

an aliquot was removed and analyzed for LDH activity and the 

incubation 'Was terminated by the addition of chloroformjmethanol/4N 

HCl (100/200/2, by volume). This mixture was allowed to separate 

into an aqueous and organic phase. The aqueous phase containing 

inositol and organic phosphates was separated on 1 ml formate form 

anion exchange column (Downes and Michell, 1981) by elution with 

formate buffers of increasing ionic strength as described by 

Berridge et al. ( 1983) and modified by our laboratory. Total 

[ 3H]inositol phosphates were eluted with 1.6 M ammonium formate in 
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100 rnM formic acid. To analyze individual inositol phosphates, 

inositol mono-phosphate 

inositol tris-phosphate 

(IP1), inositol bisphosphate (IP2), and 

( IP3 ) were eluted with 50 rnM ammonium 

formate in 100 mM formic acid, 400 mM ammonium formate in 100 mM 

formic acid, and 720 mM ammonium formate in 100 mM formic acid, 

respectively. Total inositol phospholipids were quantitated by 

counting the radioactivity of the organic phase. The individual 

inositol phospholipids in the organic phase were seperated on 

oxalate impregnated silica gel using the solvent system of Jolles, 

et al., (1981). Prior to use, the silica gel plates were soaked 

in methanol containing 0.6% potassium oxalate and 1 mM EDTA for 30 

seconds, dried and activated at 110°C for 30 minutes. Organic 

phase samples were mixed with 5 ug each of the phosphatidyl

inositol (PI), phosphatidylinositol 4-phosphate (PIP}, and 

phosphatidylinositol 4,5-bisphosphate standards, and 

evaporated to dryness under a stream of N2 • These samples 

containing the dried lipid residues were re-dissolved in chloroform 

and applied to the silica gel plates. In addition, the unlabeled 

standards were applied to an adjacent lane on the same plate. The 

plates were developed in a Whatman paper-lined chamber saturated 

with chloroformjacetonejmethanoljacetic acidjwater (40:15:13:12:8, 

by volume) for 90 minutes. After development, the areas containing 

the lipids were identified by exposing the plates to iodine vapor. 

Upon sublimation of the iodine stain, the identifiable areas of the 

silica gel plates were scraped into scintillation vials and the 

lipid residues resuspended in scintillation fluid (Beckman Ready 
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Safe) • The radioactivity was quantitated on a liquid scintillation 

counter (Searle, Mark III). 

ouantitation of lactate dehydrogenase activity 

The aliquot which was obtained from the supernatant of MOCK 

cells treated with the toxin was analyzed for lactate dehydrogenase 

(LOH) activity using the Sigma #226-UV assay kit. The LOH activity 

was expressed as units per litre (one international unit of enzyme 

will hydrolyze one micromole of substrate per minute) as well as 

the percentage of total LOH released. Total LOH was determined 

from aliquots taken from culture wells of MOCK cells treated with 

0.1% Triton X-100 in phosphate buffered saline at 37°C for 10 

minutes. 

Preparation of purified plasma membranes 

Purified plasma membranes were prepared from cultured MOCK 

cells. All preparations were carried out at 4 °C. Cells were 

collected from two 125 cm2 flasks and centrifuged at low speed (100 

x g) for five minutes and the cell pellet resuspended in a buffer 

consisting of 50 mM Tris-HCl, 20 mM MgCl2 , and 1 mM EGTA. This 

resuspension was homogenized with a Teflon-glass Potter-Elvehjam 

homogenizer (20 strokes) and loaded onto a discontinuous sucrose 

gradient composed of the following components: 10% sucrose 3-5 ml, 

20% sucrose 3-5 ml, 30% sucrose 3-5 ml, 40% sucrose 3-5 ml. These 

gradients were centrifuged for 1. 5 hours at 100, 000 x g in a 

sorvall OT0-50 ultracentrifuge with a swinging bucket 
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rotor AH-627. The fraction found at the top of the 40% sucrose 

was collected and diluted in kinase buffer (50 rnM Tris-HCl (pH 

7 · 0), 20 rnM MgC12 , 1 mM EGTA) and stored at -20°C as the final 

purified plasma membrane preparation. Aliquots of this preparation 

were taken for protein analysis. 

Identification of phosphatidylinositol CPI) kinase activity 

in the plasma membrane of the MDCK cells 

Plasma membrane from the cell homogenate was prepared by 

discontinuous sucrose gradient centrifugation. Four fractions were 

obtained: Fraction A corresponded to the uppermost cytosolic 

fraction. Fraction B, c, and D corresponded to the fractions 

collected at the interface between 10-20%, 20-30%, and 30-40% 

sucrose, respectively. Although the protein content of fraction D 

constituted only 18% of the total protein, it contained 69% of the 

total Na•,K•-ATPase activity and 55% of the total PI kinase 

activity. These findings suggest that fraction D is plasma 

membrane enriched. An increase in the amount of protein in 

fraction o·resulted in a proportionate increase in the PIP level 

(7.4 ± 1.2, 11.8 ± 1.6, and 22 ± 2 pmols of PIP per 10 min per 19 

ug, 39 ug, and 78 ug of membrane protein, respectively). Thus, 

fraction "D" was used in all subsequent experiments. 

Identification of phosphatidylinositol 4-phosphate CPIP) 

Since the plasma membrane contains other phosphate acceptors, 

it is important to determine if the membrane component being 
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phosphorylated under our experimental conditions is phosphatidyl-

inositol (PI) . Since neomycin binds with high affinity to PIP 

(Lodhi et al., 1979 and Schacht, 1978), an immobilized neomycin 

column was prepared to separate PIP from other phospholipids. 

Neomycin was coupled to the glycophosphate CPG (200/400 mesh with 

200 A pore diameter, Pierce Co., Rockford, IL) supports according 

to Schacht, (1978). In three separate experiments, fraction "D" 

isolated from MOCK cells previously labelled with [3H] inositol 

overnight ( 14-18 h) was incubated with (gamma-32P]ATP for 10 min 

at 30°C and then passed through the neomycin column. The inositol 

phospholipids eluted by 150 mM and 600 mM ammonium acetate were 

found to co-migrate with the PIP and PIP2 standards, respectively, 

in the thin layer chromatography plate. [ 3H] (4800 ± 200 dpm) and 

[
32P] (450 ± 25 dpm) radioactivities were detected in the PIP 

molecules indicating phosphorylation of the [ 3HJ inositol-labeled PI 

molecule. In swine erythrocyte ghost, it was found that no 

membrane lipids other than the inositol phospholipids were labeled . 

by [gamma-32P] ATP under similar assay conditions (Buckley and 

Hawthorne,'1972). 

Assay of phosphatidylinositol (PI) and phosphatidylinositol 

phosphate (PIP) kinases in purified plasma 

membranes of cultured MDCK cells 

PI kinase and PIP kinase were assayed using techniques 

described by Cockcroft et al. (1985) and Michell et al. (1967). 

The reaction mixture consisted of 50 mM Tris-HCl (pH 7.0), 20 mM 
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MgC12 , 1 mM EGTA, and 5 mM [gamma-32P]ATP (specific activity: 10 

uCi/mmol), and purified plasma membranes from cultured MDCK cells 

(a maximum of 15 ug protein). The total volume of the mixture was 

150 ul. The mixture was incubated at 30°C for a specified time 

with a specified amount of toxin and the reaction was terminated 

by the addition of chloroformjmethanol/4 N HCl (10/20/.2}. Using 

methods previously described, the lipids were extracted and 

concentrated under a small stream of N2 and applied to oxalate 

impregnated silica gel for seperation (Jolles et al., 1981). PI 

kinase and PIP kinase activity were measured as the amount 

[
32P] incorporated into the di- and tri-phosphoinositides. The 

amount of PIP and PIP2 synthesized was expressed as dpm per mg 

protein, assuming that only the terminal phosphate group is 

incorporated into the phospholipid. As pointed out by Cockcroft 

et al. (1985}, the kinase activity may be underestimated because 

the method has ignored the possible presence of the phosphatases 

in the membrane preparations. 

Preparation of isolated cell suspension from 

cultured MDCK cells 

Isolated cell suspensions of MDCK cells were prepared 

from 75cm2 flasks which were seeded with 7 X 106 cells. Four 

days after seeding, these confluent cultures were rinsed 2X with 

10 ml Dulbecco's Phosphate Buffered Saline (PBS; Gibco, Grand 

Island, N.Y.) and aspirated. Upon aspiration, 10 ml of Trypsin 

solution (NaCl 8gjl; KCl 0.4gjl; Dextrose 1gjL; NaHC03 0.58gjL; 
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trypsin 0.5gjL; EDTA 0.2 gjL) were added and the flask was gently 

shaken for 1 minute and decanted. These cultures were then 

incubated at 37°C for 30 minutes in an atmosphere of 95% air/5% 

C02 • Upon completion, the cells were resuspended in 10 ml PBS and 

transferred to centrifuge tubes and centrifuged for 4-5 minutes at 

250 rpm (500 X g) in a IEC centrifuge (Damon). The supernatant was 

removed and the pellet was resuspended with 10 ml PBS and 

centrifuged under the previous conditions for two cycles. After 

the second cycle of centrifugation and resuspension, the pellet 

was resuspended in 5 ml PBS making a final cell concentration of 

3.5-4.0 X 106 cellsjml (1.5 mg proteinjml). Viability was tested 

by incubating the cells with ethidium bromide (a final concentra

tion of 1 ugjml) and fluorescein diacetate (a final concentration 

of 16 ugjml) in PBS for 3 min. at room temperature. At the end of 

3 min. , a drop of cell suspension was observed under a Zeiss 

microscope equipped with an IV F1 epifluorescent condenser. Intact 

cells yield a bright green fluorescent complex as a result of the 

accumulated products of fluorescein diacetate hydrolysis (Rotman 

and Paperwasten, 1966). Ethidium bromide penetrates intact cells 

slowly but enters damaged cells rapidly (Edidin, 1970) . It yields 

a bright red color complex with the DNA. On the basis of this 

differential technique, viable cells can be distinguished from dead 

cells. 



Determination of alpha-aminoisobutyric acid (AlB) uptake 

in isolated cell suspensions of MDCK cells 

20. 

Isolated cell suspensions used for AIB uptake studies were 

prepared from these cultures using procedures previously described. 

In each study, 170 ul (comparable to 250-350ug protein) of the 

isolated cell suspension was combined either with 20 ul of 

rnastoparan or 20ul of Phosphate Buffered Saline (Gibco) and placed 

in 12mm X 75mm plastic tubes and incubated in a 37°C water bath. 

This incubation mixture was then pulsed with 10 ul 3H-AIB solution 

(50 ul 3H-AIB at 1 uCijul + 450 ul PBS) giving 1.0 uCijsample for 

various periods of time according to the individual experimental 

protocol. Upon completion of the incubation, 200 ul of the mixture 

was placed on 25mm membrane filters with 0.45 um pores (Gelman 

Science, Ann Arbor, MI). These membrane filters were washed 5X with 

5 rnl of 1mM cold AlB in ice cold 0.9% NaCl using a vacuum manifold 

(Arnicon) • The filters were transferred to counting vials and 

counted in Aquasol-II (NEN/Dupont) with an Analytic II 

Scintillation counter (Searle). 

Determiantion of AlB efflux 

Isolated cell suspensions (1.5mg 3.5mg protein) were 

incubated in PBS containing 3H-AIB (10 uCijml) for 30 minutes at 

37°C. At the end of the incubation, the loaded cells were rinsed 

three times in PBS containing 5 mM non-labelled AIB. The cell 

pellet was resuspended in an "efflux" medium containing 5 mM non

labelled AIB and 1 mM ouabain in PBS. Aliquots (200 ul) of the 
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mixture were collected at different times and passed through a 

glass wool column (1 em thick). AIB efflux was quantitated by 

measuring the radioactivity of a known amount of eluate in Aquasol

II with an Analytic II liquid scintillation counter, and the data 

expressed as nmoles 3H-AIB effluxed from the cells per mg protein. 

P t . + + repara 1on of Na , K -ATPase 

Male, Sprague-Dawley rats (120-200g body weight) were 

maintained on rat chow (Agway 1257) ad libitum. Rats were 

decapitated, bled, and both kidneys removed. The kidneys were 

decapsulated, the papillae dissected out and the remainder of the 

kidneys (including the cortex and medulla) were pooled and weighed. 

Plasma membrane enriched fractions were obtained using a 

modification of Jorgensen's method (1974). All procedures were 

carried out at 0-4°C. 

One gram wet weight of pooled renal tissue was suspended in 

10 ml of homogenizing solution containing 5 mM EDTA, 30 mM 

histidine, 250 mM sucrose, pH 7.4, and homogenized in a teflon-

glass, motor driven homogenizer (10 strokes). The crude homogenate 

was centrifuged at 1,000 x g for 10 min in a Sorvall SS-34 rotor. 

The supernatant was carefully removed with a Pasteur pipette and 

the resulting pellet resuspended with half the original volume of 

homogenization solution and processed through two additional cycles 

of homogenization and centrifugation. The final 1,000 x g pellet 

was discarded and the pooled supernatants centrifuged in the same 

rotor at 10,000 x g for 10 minutes. The supernatant was carefully 
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removed from the bilayered pellet and the upper loose layer (L 

fraction) which contained mostly plasma membrane vesicles (Lo et 

al., 1976) collected with a Pasteur pipette and resuspended in 0.5 

ml of homogenization solution. The L fraction was aliquoted into 

several Eppendorf tubes and stored at -20°C until analyzed for 

Na+,K+-ATPase activity. 

Determination of Na+,K+-ATPase activity 

Male Sprague-Dawley rats were decapitated and the kidneys 

removed as described previously (Jorgenson, 1974). Approximately 

15 ug of L fraction protein was incubated in 1.0 ml of a medium 

which contained 1 mM EDTA, 20 mM KCl, 3 mM MgC12, 100 mM NaCl, 3.0 

mM Tris-ATP, and 100 mM Tris-HCl (pH 7.4 at 37°C), or in a medium 

of the same composition but in the presence of 1 mM ouabain. The 

mixture was pre-incubated for 10 minutes at 37°C in the absence of 

ATP and the reaction started by the addition of Tris-ATP. The 

reaction was terminated after 15 minutes by the addition of 0.2 ml 

of 30% ice-cold trichloroacetic acid. Inorganic phosphate (Pi) was 

determined'by the Fiske and Subbarow method (1925). The activity 

was expressed as the difference between Pi released in the presence 

and absence of 1 mM ouabain. Specific activity was expressed as 

umoles ATP hydrolyzed per mg protein per hour. 

Determination of ~ for ATP, sodium, and potassium 

The effect of rnastoparan on the ~·s (apparent dissociation 

constant) of the rat kidney Na+,K+-ATPase for ATP, Na+, and K+ were 
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determined in an ATP regenerating system consisting of p

enolpyruvate and pyruvate kinase (Schwartz et al., 1969). The 

pyruvate kinase was dialyzed against 1 1 of distillled water for 

12 hr. at 0°-4 °C prior to use. To determine the Ko 's for Na +, K+, 

and ATP the concentration of each of the three components was 

varied individually in separate experiments and the concentration 

of the remaining two components was held constant at the 

concentrations given below. Approximately 15 ug of the L fraction 

was added to 800 ul of a medium (pre-incubated at 37°C} which 

contained 100 mM NaCl, 20 mM KCl, 1 mM EDTA, 3 mM MgC12 , and 100 mM 

Tris, (pH 7. 4) • Tandem tubes contained 1 mM ouabain. The 

incubation was started by the addition of Tris-ATP to give a final 

concentration of 3 mM or a range of concentrations to determine the 

Ko for ATP. The reaction was terminated after 15 minutes by the 

addition of 0.2 ml of ice cold 30% trichloroacetic acid. 

Determination of phosphorylated intermediate 

All assays were carried out at 0°-4 °C. The phosphorylated 

intermediate was generated in 400 ul of a reaction mixture that 

contained 100 mM NaCl, 100 mM Tris-HCl, 3 mM MgC12 , 1 mM EDTA, 1.0 

uM [gamma-32P]ATP (1.87 mCijml), pH 7.4, and 25-40 ug of L fraction 

in Eppendorf tubes. Tandem tubes containing 20 mM KCl instead of 

100 mM NaCl were used for the measurement of non-specific 

phosphorylation. The reaction was initiated by the addition of 

[gamma-32P]ATP and was terminated after 15 seconds by the addition 

of o .1 ml of 30% trichloroacetic acid. The mixture was centrifuged 
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in an Eppendorf centrifuge (model 5412) at high speed for 1 minute. 

The pellet was washed twice with 3 roM ATP in 100 roM Tris-HCl, (pH 

6.8). After the final wash, the Eppendorf tubes were inverted and 

dried. The pellet was dissolved in 200 ul of lN NaOH for 1 hr. The 

samples were removed and titrated with 1 N HCl and placed in 

scintillation vials containing 10 ml of Aquasol for quantitation 

in a Mark-II spectrophotometer (Searle). 

Modulation of mastoparan induced cell toxicity by aminoqlycosides 

Cell suspensions of MDCK cells were incubated with an amino

glycoside (neomycin, gentamicin, and streptomycin) or spermidine, 

a polyamine for 10 minutes at 37°C followed by the addition of 

mastoparan ( 7 5 ugjml) . At various time points LDH release, 

ethidium bromide, and fluorescein diacetate uptake were measured 

to determine membrane permeability and cell viability. 

Protein analysis 

Aliquots of membrane preparations were digested in lN NaOH. 

Protein concentrations were determined by the method of Lowry et 

al. ( 1951) • 

Statistical analysis 

Data were analyzed on a Hewlett Packard RT-3 computer using 

Student's t-test, Paired t-test, Duncan's Multiple Range test and 

analysis of variance (one way analysis for dose and time studies; 

two way for combined treatment studies) for comparisons (Snedecor 
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and Cochran, 1980). Values were considered significantly different 

at p < .05. 



Chapter 3: 

Mastoparan Mediated Phosphoinositide Metabolism and 

LDH Release in MOCK cells. 
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Introduction 

Mastoparan has been found to activate phospholipase A2 

activity resulting in the formation of arachidonic acid (Argiolas 

and Pisano, 1983). In addition, recent studies have shown that 

mastoparan also activates polyphosphoinositide breakdown (Okano et 

al., 1985). Though some of the many effects of mastoparan have 

been studied, the means by which mastoparan causes polyphospho

inositide breakdown has not been well established. Therefore, the 

effect of mastoparan on phosphoinositide metabolism in MDCK cells 

was an initial objective. 

Since membrane phospholipids are known to regulate membrane 

permeability, hydrophobic binding of mastoparan to membrane 

phospholipids may initiate the pathogenesis of injury by altering 

membrane structure and function. The impairment of the plasma 

membrane may lead to an increase in membrane permeability which 

can be quantitated by the leakage of lactate dehydrogenase (LDH: 

NAD oxidoreductase; EC 1.1.1.27) from the cell. Accordingly, the 

second objective was to determine whether mastoparan can induce 

the release of LDH from the cells. 

Membrane inositol phospholipid hydrolysis generates an 

increase in the cytosolic free Ca+2 concentration (Hokin, 1985), 

which may ultimately lead to cell damage or death (Schanne et al., 

1979). The mobilization of Ca+2 from intracellular stores may be 

induced by the formation of inositol trisphosphate which is further 

converted to inositol tetraphosphate and both may act in concert 
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to induce the influx of ca+2 from the extracellular medium (Burgess 

et al., 1984). The third objective was to study whether extra-

cellular Ca+2 plays a role in modulating the effects of mastoparan 

on inositol phospholipid hyrolysis and LDH release. 

Neomycin, a nephrotoxic polycationic aminoglycoside anti

biotic, interacts with polyphosphoinositides (Sastrasinh et al., 

1982). It blocks Ca++_dependent histamine secretion from mast cells 

(Cockcroft et al . , 1985), inhibits thrombin-induced proliferation 

of hamster fibroblasts, and abolishes thrombin-induced inositol 

phosphate formation in human platelets (Siess and Lepetina, 1986). 

Since neomycin is a relatively specific inhibitor of inositol 

phospholipid metabolism (Lang et al . , 1977; Lodhi et al., 1979; 

Lipsky and Lietman, 1982; Marche et al., 1983; Schacht, 1978; 

Schwertz et al., 1984), and it reacts with negatively charged 

membrane phospholipids, it may be used to study the role of 

mastoparan mediated polyphosphoinositide breakdown as a possible 

mechanism of mastoparan's effect on the cell. Consequently, the 

final objective was to study the effects of neomycin on mastoparan 

mediated phosphoinositide hydrolysis and LDH release. 
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Results 

The effect of mastoparan on [11Jinositol phosphates accumulation 

and [1KJinositol phospholipids depletion in monolayer MOCK cells 

The accumulation of [3H]inositol phosphates in MDCK cells was 

dependent on the concentration of mastoparan. [3H]inositol 

phosphates increased 56%, 172%, and 231% following treatment of 

25, 75, and 100 ugjml of mastoparan, respectively, (Table 3-1). 

These effects were also dependent on the duration of exposure to 

mastoparan (Figure 3-1a). The percent release of [3H]inositol 

phosphates was 1.8% over basal release at 1 minute (p<.02) and 

peaked at 8% over basal release (p<.OOS) at 15 minutes. Mastoparan 

depleted [3H]inositol phospholipids by 17% (N.S.) at 1 minute and 

by 47% at 15 minutes (p<.001) (Figure 3-1a). 

Effect of mastoparan on lactic dehydrogenase (LDH) release 

The release of LDH from MDCK monolayer cells was found to be 

dependent on the concentration of mastoparan · (Table 3-1) and 

duration of · incubation (Figure 3-1b). In mastoparan-treated MDCK 

cells, LDH~release was accompanied by a parallel release of [ 3H]

inositol phosphates (Table 3-1, Figure 3-1a and 3-1b). LDH release 

and [ 3H]-inositol phosphates accumulation in the mastoparan treated 

MOCK cells were not dependent on external Ca++ (Table 3-2). 

Effect of mastoparan on [1K]inositol phosphates accumulation and 

[1f]inositol phospholipid depletion in MOCK cell suspension 

In the cultured MDCK cell monolayers, only the apical 

portion of the cell membrane was exposed to the toxin. Therefore, 
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isolated MOCK cell suspensions were prepared for the determination 

of the effect of mastoparan on phosphoinositide metabolism. In the 

mastoparan-treated cell suspension, the percent net release of 

[3H]inositol phosphates was measurable at 15 seconds (p< .02) and 

reached 12.5% over basal release by 15 minutes {p< .001) {Figure 

3-2a) • 

The response of individual inositol phosphates, i.e. , IP
1

, 

IP2 , and IP3 to mastoparan was also investigated. An elution profile 

of these three inositol phosphates is shown in Figure 3-3. 

Accumulation of IP2 and IP3 induced by mastoparan is shown to be 

time dependent (Figure 3-3). IP1' IP2 , and IP3 levels remained 

constant during the 15 minute incubation period in the untreated 

cell suspensions (data not shown). At 15 seconds , IP3 was 180% 

over basal levels (p< .006), and reached a maximum of 421% at 1 

minute and declined to 272% at 15 minutes. IP2 accumulation was 

not significantly different from control at 15 seconds, but 

increased to 173% (p< .04) at 30 seconds, reaching a maximum of 

456% at 15 minutes. IP1 accumulation was not significantly 

different from the control at any of the time periods. PI levels 

showed no signifi-cant changes with time in the mastoparan-treated 

(75 ugjml) MDCK cell suspensions (Figure 3-4a). PIP and PIP2 

depleted by 25%, and 50% of control, respectively, at 15 minutes 

(Figure 3-4b and 3-4c). 

Effect of mastoparan on PI and PIP kinase activity in MDCK cell 

plasma membrane 

Increasing concentrations of mastoparan elicited progressive 
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increases in PI kinase and PIP kinase activity in the plasma 

membrane enriched fraction 11 0 11 (Table 3-3). PI kinase activity, 

expressed as the amount of PIP formed per 15 ug protein per 10 min, 

was 44%, 116%, and 167%, at 25, 50, and 75 ugjml of mastoparan, 

respectively. In addition, PIP kinase activity, expressed as the 

amount of PIP2 formed per 15 ug protein per 10 min, was 142%, 181%, 

and 226%, at 25, 50, and 75 ugjml of mastoparan, respectively. The 

effect was also dependent on the duration of exposure to mastoparan 

(Table 3-4). 

Effects of neomycin on (1i]inositol trisphosphate accumulation and 

LDH release 

The effects of neomycin on IP3 formation and LOH release in 

mastoparan-treated MOCK cells were investigated. Neomycin 

decreased mastoparan-mediated IP3 formation by 54% and LOH by 49% 

at 15 seconds (Table 3-5). These effects were dependent on the 

concentration of neomycin (Table 3-6). Neomycin alone did not 

affect LDH release in MOCK monolayer cells (data not shown). 
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Table 3-1. Effect of mastoparan concentration on [11] inositol 

phosphates accumulation and LDH rlelease in MDCK cells. Cultures 

were incubated overnight (12-18 hr) with myo-[2-3H]inositol (1.5 

uCijwell). Washed cells were incubated with various concentra

tions of mastoparan for 15 minutes at 37°C. Media were analyzed 

for LDH (see "Methods 11 ) • Inositol phosphates were extracted from 

the cells and analyzed for radioactivity (see "Methods"). % LDH 

release = (Actual LDH release/Total LDH) x 100; Total LDH per well 

= 3248 ± 200 U/1; Total cells per well= 7.5 X 105
; p values given 

when compared to 0 ugjml mastoparan; values are mean + S.E.M.; 

number of experiments indicated in parenthesis. 



Table 3-1: Effect of mastoparan concentration on [3H]inositol 

phosphate accumulation and LDH release in MOCK cells. 

33. 

-----------------------------------------------------------------
Mastoparan (ugjml) 

0 5 10 25 37.5 75 100 

-----------------------------------------------------------------
I. [3H]- 752 825 912 990 1,116 1,731 2,103 

inositol ±26 ±48 ±39 ±131 ±32 ±88 ±58 

phosphates 

[dpmjwell]: 

(13) (6) (6) (7) (6) (8) (3) 

p values: p<.05 p<.02 p<.02 p<.001 p<.001 p<.001 

II. Actual LDH Release 

Ujl: 103±14 152±15 218±23 494±37 1137±102 1376±42 

III. % Increase 

in LDH release: 2% 4% 12% 32% 39% 

p values: N.S. p<.006 p<.001 p<.001 p<.001 

-----------------------------------------------------------------
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Table 3-2. Effect of extracellular ca•2 concentration on 

[1i]inositol phosphate accumulation and LDH release in mastoparan 

treated MOCK cells. Cultures were incubated overnight (12-18 hr) · 

with 3 myo-(2- H] inositol (1. 5 uCijwell) . Washed cells were 

incubated with various extracellular concentrations of calcium with 

or without mastoparan (75 ugjml) for 15 minutes at 37°C. The media 

was analyzed for LDH activity. [
3H] inositol phosphates were 

extracted from the cells and analyzed for radioactivity (see 

"Methods") . % LDH release = (Actual LDH releasejtotal LDH) X 100; 

total cells per well= 7.5 X 105 ; values are mean± S.E.M.; ( ) = 

number of experiments; p values: 

a. compared to 0 uM Ca+2 - mastoparan 

b. compared to 100 uM Ca+2 - mastoparan 

c. compared to 2000 uM ca +2 - mastoparan 

d. compared to o uM Ca +2 + mastoparan 

N.S. = not significant (p>.05) 
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Table 3-2. Effect of extracellular Ca+2 concentration on 3H-

inositol accumulation and LDH release in mastoparan (15ug) treated 

MOCK cells. 

-----------------------------------------------------------------
Concentration of extracellular ca+2 in the presence or 

absence of 75 ug mastoparan (Toxin) 

Oum Ca +2 Oum ca +Z 
+ 

Toxin 

I. 3(H]-inositol 

phosphates [dpmjwell]: 

432±37 741±53 

(n=5) (n=6) 

p values: 

100um Ca+2 100um Ca+2 

+ 
Toxin 

398±52 

(n=7) 

813±69 

(n=6) 

bp<.001 

dN. S. 

II. Actual LDH Release 

U/1: 

116±21 

(n=5) 

p values: 

III. % LDH 

release: 

3.6% 

1,117±54 

(n=6) 

ap<. 001 

34% 

103±17 1,074±81 

(n=7) (n=6) 

aN.S. bp<.001 

3.3% 

d N.S. 

33% 

457±36 

(n=8) 

2mM ca+2 

+ 
Toxin 

950±74 

(n=8) 

116±24 1,118±43 

(n=8) (n=8) 

aN.S. cp< . 001 

dN. S. 

3.6% 34% 

-----------------------------------------------------------------
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Table 3-3. Effect of mastoparan on phosphoinositide 

phosphorylation in plasma membranes of MOCK cells. Fraction 11 011 

(15 ug protein) was preincubated with different concentrations of 

mastoparan for 5 minutes at 30°C. The reaction was initiated by 

the addition of 1 mM ATP (final concentration) containing 1 . 5 uci 

(gamma 32P) ATP in the presence of 50 mM Tris-HCl, 20 mM MgC12 , 1 mM 

EGTA, pH 7. o, and incubated for 10 minutes at 30°C. PIP and PIP2 

levels were quantitated as described in "Methods": ( ) = number 

of experiments; values are mean± S.E.M.; p values: compared to 

0 ugjml mastoparan; PIP = phosphatidylinositol 4-phosphate; PIP2 = 

phosphatidylinositol 4,5 bisphosphate. 
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Table 3-3. Dose response of Mastoparan on Phosphatidylinositol 

(PI) and phosphatidylinositol phosphate (PIP) kinase activity in 

purified plasma membranes of cultured MDCK cells. 

-----------------------------------------------------------------

PIP 32 
2 

Ougjml 

117±8.0 

(n=8) 

122±13.0 

(n=5) 

Mastoparan Concentration 

25ugjml 50ugjml 75ugjml 100ugjml 

dpm P32 1 15ug protein 

168±2.5 253±14 312±7.0 660±26 

(n=4) (n=4) (n=4) (n=4) 

p<.OOl p<.OOl p<.OOl p<.OOl 

296±35 343±33 398±33 186±13 

(n=4) (n=4) (n=4) (n=4) 

p<.002 p<.001 p<.001 p<.011 

------------------------------------------------------------------------
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Table 3-4. Time course of mastoparan-mediated phosphoinositide 

phosphorylation in plasma membranes of MDCK cells. Fraction 11 011 

(15 ug protein) was incubated with mastoparan (75 ugjml) for 5 

minutes at 30°C. The reaction was initiated by the addition of 1 

rnM ATP (final concentration) containing 1. 5 uCi (gamma32P) -ATP in 

the presence of 50 mM Tris- HCl, 20 mM MgC12 , 1 mM EGTA, pH 7.0 and 

incubated at 30°C. At different time intervals PIP and PIP2 were 

quantitated as described in "Methods". Number of experiments in 

each group was four; values are mean + S.E.M.; N.S. = not 

significant; p values compared to 0 minutes. 
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Table 3-4. Time response of Mastoparan (15ug) on Phosphatidylinositol (PI) 

and phosphatidylinositol phosphate (PIP) kinase activity in purified plasma 

membranes of cultured MOCK cells. 

------------------------------------------------------------------------

Mastoparan 

(ugjml) 

a. 0 ug. : 

b. 15 ug. : 

a. 0 ug. : 

b. 15 ug.: 

Time in minutes 

0.0 min. 1 min. 3 min. 5 min. 

dpm P32 1 15 ug protein 

54±3.8 

61±4.1 

N.S . 

76±2.0 

82±3.0 

141±6.0 

p<.001 

72±7.0 

66±2.0 109±10 

p<.02 p<.02 

89±3.7 

181±14 

p<.001 

92±10 

92±5.2 

272±10 

p<.001 

94±8.0 

145±6.6 191±6.8 

p<.005 p<.001 

10 min. 15 min. 

116±4.0 

265±14 

p<.001 

107±8.0 

206±17 

p<.003 

88±5.0 

204±20 

p<.002 

103±10 

189±18 

p<.007 

-----------------------------------------------------------------------
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Table 3-5. Effect of neomycin on mastoparan-mediated [~]inositol 

phosphates accumulation and LDH release in MDCK cells. Cultures 

were incubated overnight (12-18 hr) with myo-[ 3H]inositol (1.5 

ucijwell) . Washed cells were incubated with mastoparan (75 ugjml) 

in the presence or absence of neomycin ( 2 mM) for appropriate times 

Media were analyzed for LDH (see "Methods") . Cell 

extracts were analyzed for IP1 , IP2 , and IP3 (see "Methods") . Each 

value for insoitol phosphates represents a pool of four samples. 

Actual LDH release values are mean ± s.E.M.; % LDH release 

indicated in brackets = (Actual LDH releasejtotal unstimulated LDH) 

X 100; Total LDH/well = 3248 ± 200 U/1; ( = number of 

experiments. 
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Table 3-5: Effect of neomycin concentration on mastoparan-mediated 

[
3H]inositol phosphate accumulation and LDH release in MDCK cells. 

-------------------------------------------------------------------------

I. [
3H] inositol 

phosphates 

[ dpmjwell J : 

a. IP1 (n=3) 

0 mM neomycin: 

2 mM neomycin: 

b. IP2 (n=3) 

0 mM neomycin: 

2 mM neomycin: 

c. IP3 (n=3) 

0 mM neomycin: 

2 mM neomycin: 

o sec. 

1,175±264 

1,046±156 
N.S. 

340±8.0 

349±14 
N.S. 

372±44 

360±23 
N.S. 

II. Actual LDH release Ujl: 

0 mM neomycin: 54±2 
[1.7%] 
(n=4) 

2 mM neomycin: 60±3 
[ 1. 8%] 
(n=7) 

N.S. 

Time 

10 sec. 

1,540±260 

1,152±169 
p<.001 

710±66 

476±41 
p<.001 

1,026±181 

494±62 
p<.001 

128±8 
[3.9%] 
(n=8) 

65±2 
[2.0%] 
(n=8) 

p<.001 

15 sec. 

2,469±423 

1,718±501 
p<.001 

780±63 

490±32 
p<.001 

980±56 

571±33 
p<.001 

321±10 
[9.8%] 
(n=11) 

92±6 
[2.8%] 
(n=10) 

p<.001 

-------------------------------------------------------------------------
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Table 3-6. Effect of neomycin concentration on mastoparan-mediated 

[
3H] inositol phosphate formation and LDH release. Cultures were 

incubated overnight ( 12-18 hr) with myo- [ 3H] inositol ( 1. 5 

uCijwell) . Washed cells were incubated with mastoparan (75 ugjml) 

in the presence of various concentrations of neomycin for 30 

seconds at 37°C. Media were analyzed for LDH (see "Methods"). The 

cellular extracts were analyzed for IP1 , IP2 , and IP3 (see 

11 Methods"). Each value represents a pool of four samples. % LDH 

release = (Actual LDH release/Total LDH) X 100; LDH values are 

mean ± s . E . M. ; ) = number of experiments; p values: compared 

to 0 rnM neomycin; atotal LDHjwell = 3248 ± 200 U/1. 
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Table 3-6. Effect of neomycin concentrations on mastoparan

mediated release of [3H]inositol phosphates and LDH. 

-----------------------------------------------------------------
Neomycin(mM) 

0 .05 0.5 1 1.5 2.0 

I. [3H]inositol 

phosphates 

[ dpmjwell ] : 

a. IP1 1713 1553 1538 1628 1646 1339 

b. IP2 432 494 493 398 385 240 

c. IP3 585 579 436 407 371 268 

II. Actual LDH Release 

Ujl: 321±10 234±12 194±10 165±12 156±14 92±6.0 

p<.001 p<.001 p<.001 p<.001 p<.001 

( 4) (4) ( 4) (4) (4) (4) 

III.% LDH 10% 7.2% 6% 5% 4.8% 2.8% 

Releasea: 

-----------------------------------------------------------------
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Figure 3-1a. Time course of mastoparan-mediated [11] inositol 

phosphates ~ccumulation and [1l]inositol phospholipid depletion. 

Cultures were incubated overnight (12-18 hr) with myo-[2-3H]

inositol (1.5 uCi/ml). Washed cells were incubated with various 

concentrations of mastoparan for 15 minutes at 3 7°C. Inositol 

phosphates and inositol phospholipids were extracted from the cells 

and analyzed for radioactivity (see "Methods") • ( ) = % increase 

in [ 3H]ino~itol phosphates compared to 75 ugjml mastoparan at time 

o. Total cells per well was 7.5 X 105
• Values are mean± S.E.M. 

p values indicated are compared to 75 ugjml mastoparan at time O; 

* = p<.05, ** = p<.OOl. 

.. 
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Figure 3-lb. Time course of mastoparan-mediated LDH release. 

Cultures were washed and incubated with varying concentrations of 

mastoparan for 15 minutes at 3 7°C. Media were analyzed for LDH 

(see "Methods"). Values are mean± S.E.M. p values indicated are 

compared to 75 ugjml mastoparan at time 0; * = p<.05, ** = p<.OOl. 
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Figure 3-2a. Time course of [1r]inositol phosphate accumulation in 

mastoparan treated MDCK cell suspensions. MOCK monolayer cells 

were incubated overnight (12-18 hr} with myo-[2-3H]inositol (40 

uCi/75 cm2 flask}. Cell suspensions were prepared from monolayer 

culture as described under "Methods" and incubated with mastoparan 

(75 ugjml} for appropriate times at 37°C. Cell extracts were 

analyzed for total [ 3H] inositol phosphates (see 11 Methods 11 }. Values 

are mean± S.E.M.; each time point was a "pool" of four samples, 

and each sample contained 7.5 X 105 cells; p values indicated were 

compared to time 0; * = p<. 05, ** = p<. 001; ( } = % release of 

[
3H] inositol phosphates which is expressed as ( [3H] inositol 

phosphates/unstimulated [3H] inositol phospholipids} X 100; total 

unstimulated [3H]-inositol phospholipid = 70,914 ± 4,327 dpm (n: 

4} • 
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Figure 3-2b. Time course of [11] inositol monopbosphate (IP1), 

[11] inositol bisphosphate ( IP2) and [11] inositol trisphosphate ( IP3) 

accumulation in mastoparan treated MDCK cell suspensions. 

MOCK monolayer cells ~ere incubated overnight (12-18 hr) with myo

[2-3H]inositol (40 uCi/75 cm2 flask). Cell suspensions were 

prepared from monolayer culture as described under "Methods" and 

incubated with mastoparan (75 ugjml) for appropriate times at 37°C. 

Cell extracts were analyzed for IP1 , IP2 , and IP3 (see "Methods 11
). 

Values are mean± S.E.M.; each time point was a "pool" of four 

samples, and each sample contained 7. 5 X 105 cells; p values 

indicated are compared to time o; points without asterisks are 

not significant (p>. 05) ; * = p<. 05; ** = p<. 001; IP1 = [3H] inositol 

monophosphate; IP2 = [3H] inositol bisphosphate; and IP3 = [3H]

inositol trisphosphate. 
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Figure 3-3. Elution profile of inositol phosphates. MDCK cells 

were incubated with 40 uCi/flask of myo[2-3H] inositol overnight 

(14-18 hours). Total inositol phosphates were extracted by adding 

750 ul chloroformjmethanol/4 N HCl (100:200:2, by volume), followed 

by the addition of 250 ul. chloroform and 250 ul o .1 N HCl. 

[
3H]inositol monophosphate (IP1), 

[
3H]inositol bisphosphate (IP2), 

and [3H]inositol tris-phosphate (IP3) were seperated by Dowex l-X8 

anion exchange chromatography as described in "Methods". 
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Figure 3-4a. Time course of mastoparan-mediated phosphatidyl

[11] inositol (PI) formation in isolated MOCK cell suspension. 

Cultures were incubated overnight (12-18 hr) with myo-[ 3H]inositol 

(1.5 uCi/ml). Cell suspensions were incubated with mastoparan (75 

ugjrnl). PI (phosphatidylinositol) was extracted and quantitated 

using procedures described in 11Methods 11
• Values are mean ± S.E.M. 

for 16 experiments; p values are compared to time O; N.S. = not 

significant (p>.05); * = p<.05. 
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Figure 3-4b. Time course of mastoparan-mediated phosphatidyl-

[11] inositol 4-phosphate (PIP) formation in isolated MDCR cell 

suspensions. Cultures were incubated overnight (12-18 hr) with 

myo-[ 3H] inositol 1. 5 uCi/ml). Cell suspensions were incubated with 

mastoparan (75 ugjml). PIP (phosphatidylinositol 4-phosphate) was 

extracted and quantitated using procedures described in "Methods". 

Values are mean ± S. E .M. for 16 experiments; p values are compared 

to time 0; N.S. = not significant (p>.050); * = p<.05; ** = 

p<. 001. 
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Figure 3-4c. Time course of mastoparan-mediated phosphatidyl

[11] inositol 4, 5-bispbosphate ( PIP2 ) formation in isolated cell 

suspensions. Cultures were incubated overnight (12-18 hr) with 

myo-[ 3H]inositol (1.5 uCijml). 

with mastoparan (75 ugjml). 

Cell suspensions were incubated 

PIP2 (phosphatidylinositol 4, 5-

bisphosphate) was extracted and quantitated using procedures 

described in "Methods". Values are mean + S.E.M. for 16 

experiments; p values indicated are compared to time O; N.S. = 

not significant (p>.05); * = p<.05; ** = p<.OOl . 
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Discussion 

In this chapter the effect of mastoparan on the accumulation 

of individual inositol phosphates (IP, IP
2

, and IP
3

) and the 

hydrolysis of inositol phospholipids (PI, PIP, and PIP
2

) was 

presented. Mastoparan mediated an increase in total inositol 

phosphate production (Figure 3-2a) , of which the percentage 

increase in both IP2 and IP3 production .exceeded IP
1 

production 

(Figure 3-2b) . No significant changes in mastoparan-mediated IP
1 

production were observed within 15 minutes (Figure 3-2b). 

Furthermore, mastoparan-mediated significant PI, PIP, and PIP
2 

depletion within 15 seconds (Figure 3-4a, 3-4b, and 3-4c). Note 

that the mastoparan-mediated percent release of [3H]-inositol 

phosphates in the cell suspension (Figure 3-2a) was slightly higher 

than in the monolayer cells (Figure 3-1a) suggesting that 

mastoparan may act on both the apical and basolateral membranes. 

The continuous accumulation of IP3 and a sustained depletion 

of PIP2 suggest that mastoparan activates phospholipase c. 

Bacterial originated phospholipase C activity is known to produce 

cell membrane damage and lead to cell death (Shein, 1982). Since 

this enzyme has been identified in mammalian cells, it is possible 

that mastoparan activates phospholipase c in MOCK cells resulting 

in membrane disruption and, consequently, in the release of LDH. 

The accumulation of [3H]inositol phosphates occurs concomitantly 

with the release of LDH (Table 3-1, Figure 3-1a, and 3-1b). 
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The possibility that IP3 accumulation is associated with the 

release of LDH was also tested. When mastoparan-mediated IP
3 

production was reduced by neomycin, mastoparan-mediated LDH release 

was also reduced (Table 3-5 and 3-6). These results further 

suggest that IP3 release is associated with the alteration of 

membrane function, possibly resulting in cell membrane damage and 

LDH release. 

The influx of extracellular Ca++ has been proposed as a final 

common pathway in toxin-treated cultured liver cell death (Schanne 

et al., 1979) . This finding is, however, contrary to findings 

obtained with freshly isolated liver cells (Smith et al., 1981). 

In addition, mastoparan-mediated LDH net release and net production 

of [ 3H]inositol phosphates from MDCK cells were not dependent on 

extracellular Ca++ (Table 3-2), although there is a slight increase 

in mastop~ran-induced accumulation of [ 3H]inositol phosphates in 

response to increasing ca++ concentrations from 0 mM to 2 mM. 

The effect of mastoparan on PI kinase activity in a membrane 

fraction which appeared to be plasma membrane enriched was also 

studied. P! kinase has been reported to be localized in the plasma 

membrane of rat liver (Cockcroft et al., 1985) and human erythro-

cytes (Garrett and Redman, 1975). The phosphorylation of PI 

occurred both in the control and in the mastoparan-treated membrane 

fractions suggesting the toxin has additional effects on PI Kinase 

(Table 3-3). An increase in mastoparan-mediated PIP2 levels was 

also observed (Table 3-3 and 3-4) • These observations are in 

contrast to the results obtained with intact cells in which PIP2 
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depletion was observed (Figure 3-4a, 3-4b, and 3-4c). However, it 

is possible that the time-dependent depletion of PI, PIP and PIP
2 

in the mastoparan-treated MDCK cell suspension (Figure 3-4a, 3-4b, 

and 3-4c) is due to the depletion of intracellular ATP. 

In addition to the ability of mastoparan to stimulate phospho

lipase A2 (Argiolas and Pisano, 1983}, and possibly phospholipase 

c (Okano et al., 1985), we have demonstrated that mastoparan 

enhances PI kinase and PIP kinase activities. Further work is 

required to determine the biochemical mechanisms of action of 

mastoparan on PI kinase, PIP kinase, and phospholipase c as well 

as other enzymes involved in the phosphoinositide metabolism. 

The results of these studies suggest that mastoparan directly 

interacts with the membrane resulting in an alteration in 

phosphoinositide metabolism. The existence of specific receptors 

for this toxin has not been established. Since membrane phospho-

lipids are known to regulate membrane permeability, hydrophobic 

binding of mastoparan to membrane phospholipids may initiate the 

pathogenesis of cell injury by altering membrane structure and 

function. • Consequently, studies are underway to determine the 

effect of mastoparan on physiological parameters associated with 

membrane integrity and function. 
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Chapter 4: 

INHIBITION OF ALPHA-AMINOISOBUTYRIC ACID UPTAKE BY 

MASTOPARAN IN MADIN-DARBY CANINE KIDNEY CELLS 
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Introduction 

The mechanism of cell death involves one or more processes such 

as energy deprivation, oxidative damage, membrane dissolution, and/ 

or inhibition of protein synthesis (Shier, 1985). Inhibition of 

protein synthesis due to intracellular amino acid deprivation is 

a possible mechanism leading to cell death. Since mastoparan is 

known to alter membrane structure and function a possible mechanism 

of its lethal effects could be inhibition of amino acid transport. 

Consequently, the primary objective of the present study was to 

investigate the effects of mastoparan on the net uptake of Na•-

dependent alpha-aminoisobutyric acid (AIB) in Madin-Darby Canine 

Kidney (MOCK) culture cells. Mastoparan is known to mediate an 

increase in polyphosphoinositide breakdown (Okano et al., 1985). 

By using neomycin, an aminoglycoside antibiotic that has relatively 

specific inhibitory effects on inositol phospholipid metabolism 

(Lang et al., 1977; Lodhi et al., 1979; Lipsky and Lietman, 1982; 

Marche et al., 1983; Schacht, 1978; Schwertz et al., 1984), the 

second objective was to study the role of mastoparan mediated 

polyphosphoinosi tide breakdown as a mechanism for mastoparan' s 

effects on AIB net uptake. Since any changes in AIB net uptake 

observed could also be due to changes in efflux, the final 

objective was to determine whether mastoparan or neomycin have any 

effect on AIB efflux. 

:>-. 
::J 
:~ ...... ,,., 



65. 

Results 

Time course of the effects of mastoparan on AIB net uptake 

Mastoparan (15 ugjml) significantly decreased net AIB uptake 

compared to respective controls at 2.5 minutes (p<.001), 5 

minutes (p<.019), 10 minutes (p<.019), and 15 minutes (p<.001), 

(Figure 4-1) . Net 3H-AIB uptake by controls was significantly 

increased at all time points (Figure 4-1). Conversely, there were 

no significant differences in net 3H-AIB uptake by mastoparan 

treated cells at any of the time points (p>.05), (Figure 4-1). 

Dose dependence of the effects of mastoparan on AIB net uptake 

Mastoparan produced a dose dependent decrease in net AIB 

uptake by isolated MOCK cell suspensions. Net AIB uptake was 

significantly inhibited (p<.05) at all mastoparan concentrations 

tested (Figure 4-2). 

Sodium dependence of AIB net uptake 

Table 4-1 gives values for AIB net uptake by isolated MOCK 

cells in the presence of three different extracellular Na+ 

concentrations. An increase in the extracellular Na+ concentration 

correlates with an increase in AIB net uptake. 

Effect of ouabain and mastoparan on net 1i-AIB uptake 

When isolated cell suspensions were incubated with 1 rnM 

ouabain for 15 minutes, net 3H-AIB uptake was significantly (p<.05) 

decreased by 42% relative to the control values (Figure 4-3). In 

addition, rnastoparan inhibited 3H-AIB transport completely (Figure 

4-3) • 



Effect of neomycin on mastoparan-mediated inhibition of ~-AIB 

net uptake 

Pre-treatment of isolated MOCK cell suspensions with 

66. 

2mM neomycin had no significant effect on total 3H-AIB uptake or 

on ouabain (1 mM) sensitive 3H-AIB uptake (Figure 4-4a). When 

cells pretreated with neomycin (2mM) were incubated in the 

presence of mastoparan (75 ugjml) net 3H-AIB uptake was 

significantly (p<.05) greater relative to that of cells treated 

with mastoparan (75ugjml) alone (Figure 4-4 a,b). However, uptake 

by the cells treated with mastoparan and pre-treated with 

neomycin remained 39% (significantly; p<.05) lower than control 

values. (Figure 4-4 a,b). 

Effect of neomycin on mastoparan-induced ~-AIB efflux 

Mastoparan-mediated increases in 3H-AIB efflux were inhibited 

by neomycin in a dose (Figure 4-5) and time dependent fashion 

(Figure 4-6). Complete inhibition of mastoparan-augmented efflux 

occurred at a neomycin concentration of 2mM (Figure 4-5). At 2mM 

neomycin, the mastoparan-mediated increase in 3H-AIB efflux was 

reduced to•control levels (Figure 4-6), and the amount of 3H-AIB 

effluxed was not significantly different (p> .05) from that of the 

control at each of the respective time points (Figure 4-6). 

Neomycin treatment alone did not significantly affect (p> . 05) 

efflux relative to that of the respective controls at any of the 

time points (Figure 4-6). 
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Table 4-1. Sodium dependence of [11]AIB net uptake by isolated 

cell suspensions of MDCK cells. Solutions A and B were formulated 

with the same components as Dulbecco•s Phosphate Buffered Saline 

except that choline chloride was substituted for the missing 

portion of NaCl. Solution c was Dulbecco 1 s Phosphate Buffered 

Saline. Values are mean + S.E.M. Number of experiments is given 

in parenthesis. 

*Concentrations of Na+ and K+ were determined with a Beckman Klina-

Flame Spectrophotomter. 

**Concentrations of Cl- were determined with a Radiometer-

Copenhagen CMT 10 Cl- Titrator. 

***Osmolarities of the solutions were determined with an Advanced 

Instrument Digitmatic Osomet~r 30-II. 

3p<.001 compared to A. 
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Table 4-1. Sodium dependence of ( 3H]-AIB net uptake by isolated cell 

suspensions of MOCK cells. 

-------------------------------------------------------------------------
SOLUTION -* 

Cl * Osmolarity*** pH 3H-AIB Uptake 

(mEqjl) (mEqjl) (mEqjl) (mOsmjl) (nmoljmg protein/ 

15 min.) 

A 28.5 4.0 139 289 7.4 93 ± 3.0 (9) 

B 96 3.6 138 291 7.4 115 ± 4.0a (9) 

c 155 4.2 144 287 7.5 132 ± 5.6a (6) 

:~ 

,, 
... ~· 
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Figure 4-1. Effect of mastoparan on [11] AlB net uptake in MDCK 

cells. Isolated MDCK cell suspensions were incubated with [3H]AIB 

at 37°C in either phosphate buffered saline (PBS} alone (control) 

or in PBS containing mastoparan (75 ugjml) for the times indicated. 

[
3H]AIB uptake was determined as described in "Methods". Values 

are the means ± S.E.M. The number of experiments is given in 

parenthe-sis. p values are compared to time o; N. S. = not 

significant (p>.05}; * = p<.05; ** = p<.OOl • 
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Figure 4-2. Dose response ot mastoparan on (11]AIB uptake in MOCK 

cells. Isolated MDCK cell suspensions were incubated with [3H]AIB 

at 3 7°C for 15 minutes in PBS containing the concentrations of 

mastoparan indicated. [ 3H]AIB net uptake was determined as 

described in 11 Methods 11
• values presented are the means ± S.E.M. 

The number of experiments are given in brackets. p values indicated 

are compared to 0 ugjml mastoparan; ** = p<.OOl . 
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Figure 4-3. Effects of ouabain and mastoparan on [1i]AIB uptake 

Isolated MOCK cell suspensions were incubated with [3H]AIB at 37°C 

for 15 minutes in PBS alone (control) or in PBS containing ouabain 

or mastoparan at the concentrations ind-icated in parentheses. This 

mixture was pulsed for 15 minutes at 37°C and the amount of [3H]AIB 

was quantitated using procedures described in "Methods". Values 

are the mean ± S.E.M. The number of experiments are in brackets. 

p values indicated are compared to control uptakes; ** ~ p<.OOl. 
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Figure 4-4a. Time course of the effects of neomycin on [11]AIB 

uptake in MOCK cells. Isolated MOCK cell suspensions of MOCK cells 

were incubated with [3H]AIB at 37°C for the times indicated in PBS 

alone (control) or in PBS containing neomycin, mastoparan, or 

mastoparan + neomycin at the concentrations indicated in 

parentheses . [
3H]AIB uptake was determined as described in 

"Methods". Values are the mean± S.E.M. The number of experiments 

are in brackets. p values indicated are compared to time 0; N.S. 

= not significant (p>.05); * = p<.05; ** = p<.OOl. 
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Figure 4-4b. Effects of neomycin and ouabain on [~]AIB net uptake 

Isolated MOCK cell suspensions of MOCK cells were incubated with 

[
3H]AIB at 37°C for 15 minutes in PBS alone (control) or in PBS 

containing neomycin, mastoparan, ouabain, mastoparan and neomycin 

or ouabain and neomycin at the concentrations indicated in 

parentheses. [3H]AIB uptake was determined as described in 

11 Methods 11
• Values are the mean± S.E.M. The number of experiments 

are in brackets. p values indicated are compared to controls; 

N.S. =not significant (p>.OS); * = p<.05; ** = p<.OOl. 
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Figure 4-5. Dose response of neomycin on mastoparan-mediated 

[1f]AIB efflux. Aliquots of isolated MOCK cell suspensions were 

loaded with [ 3H]AIB as described in "Methods". After loading, the 

cells were pre-incubated in PBS containing various concentrations 

of neomycin for 5 minutes at 37°C. Upon completion, mastoparan was 

added to each aliquot to give a final concentration of 75 ugjml and 

efflux from the "loaded" cells was determined at 37°C for 15 

minutes as described in "Methods". Values are the means ± S.E.M. 

The number of experiments was six (6}. p values indicated are 

compared to controls at each respective time point; N. S. = not 

significant; * = p<.05; ** = p<.OOl. 
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Figure 4-6. Effect of neomycin on mastoparan-mediated [1r]AIB 

efflux. Aliquots of MDCK cell suspensions were loaded with 3H-AIB 

as described in "Methods". A 180 ul aliquot of this suspension was 

treated with mastoparan (15 ugjml} and/or neomycin (2 mM} in 20 ul. 

The rate of efflux was determined as described in "Methods" for the 

various time points and conditions indicated. Values are the mean 

± S.E.M. Number of experiments is indicated in brackets. p values 

indicated are compared to control values at each respective time 

point; N.S. = not significant (p>.05}; ** = p<.OOl . 
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Discussion 

Amino acid transport is essential for the maintenance of 

cellular metabolism. Impairment of amino acid transport can result 

in depletion of intracellular amino acids, inhibition of protein 

synthesis, and eventual cell death. Active transport of amino 

acids across the plasma membrane is mediated primarily by systems 

A, ASC, and L, each having an affinity which is specific for a 

different class of amino acids (Christensen, 1975). Alpha-

aminoisobutyric acid, a non-hydrolyzable amino acid analog, is 

transported specifically by system A. It was used in the present 

study to determine the effects of mastoparan on amino acid 

transport in MOCK cell suspensions. The results show that 

mastoparan significantly decreases net AIB uptake in a time and 

dose dependent fashion (Figure 4-1 and Figure 4-2). 

System A transport is energized, in part, by the electro

chemical gradient of Na+ across the plasma membrane (Christensen 

and Handlogten, 1977). When the concentration of sodium in the 

medium was~ raised from 28 mEqjl to 155 mEqjl, AIB net uptake 

increased 42% (Table 4-1), suggesting that AIB uptake in MOCK cells 

is Na+ dependent. Ouabain (1 mM), a specific inhibitor of Na+K+

ATPase activity, was found to inhibit AIB net uptake (Figure 4-3). 

These observations suggest that a relationship exists between 

Na+,K+-ATPase activity, the Na+ gradient, and the rate of AIB 

transport. As described previously, changes in + + Na , K -ATPase 

activity precede changes in AIB net uptake during treatment with 

) 
) 
) .... 
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triiodothyronine, implying that AIB is probably mediated by Na+,K+-

ATPase activity (Eng and Lo, 1987). Since Na+,K+-ATPase activity is 

the energy source for the development and maintenance of the Na + 

gradient, it is possible that mastoparan inhibits AIB uptake by 

inhibiting Na+, K+-ATPase activity (Chapter 5). We have found, 

however, that inhibition of AIB uptake does not appear to be due 

entirely to inhibition of Na,K-ATPase activity. In the presence of 

1 mM Ouabain, AIB net uptake was inhibited by only 36%, whereas 

mastoparan (75 ugjml) completely inhibited net AIB uptake (Figure 

4-3) • Since 1 mM ouabain is sufficient to completely inhibit 

Na +, K+ -ATPase activity, this addi tiona! inhibition by mastoparan 

must be due to some mechanism(s) other than inhibition of Na+,K+

ATPase activity. A possible mechanism is that mastoparan causes 

an increase in membrane permeability resulting in the dissipation 

of the Na+ gradient and inhibition of amino acid uptake by the 

cells. An increase in membrane permeability to AIB could also 

explain the mastoparan mediated increase in AIB efflux. 

Mastoparan is known to mediate the accumulation of inositol 

trisphosphate with a concomitant decrease in the levels of 

phosphatidylinositol 4,5-bisphosphate by activating phospho

lipase c activity (Okano et al., 1985). The possibility that the 

phosphoinositide metabolism is involved in mastoparan mediated 

increases in AIB efflux is suggested by the following observations. 

Neomycin (2mM), an inhibitor of inositol phospholipid metabolism 

(Lang et al., 1977; Lodhi et al., 1979; Lipsky and Lietman, 1982; 

Marche et al., 1983; Schacht, 1978; Schwertz et al., 1984), 

- - ---
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completely suppressed the AIB efflux induced by mastoparan (Figure 

4-5 and 4-6). Since 1 mM ouabain was present in the incubation 

medium, neomycin's inhibition of mastoparan-induced AIB efflux is 

not likely to involve the reversal of mastoparan induced Na+,K+-

ATPase inhibition. However, the same concentration of neomycin 

only partially overcame the inhibition of AIB uptake induced by 

mastoparan (Figure 4-4) suggesting that a mechanism, in addition 

to stimulation of phospholipase c activity, plays a role in the 

inhibition of AIB uptake by mastoparan. Other possible mechanisms 

include inhibition of Na+,K+-ATPase as discussed above. 

The present data do not rule out the possibility that other 

mechanisms may be involved in the inhibition of AIB net uptake by 

mastoparan. It is possible that mastoparan inhibits AIB net 

uptake by inhibiting amino acid carriers directly or by 

inhibiting oxidative phosphorylation resulting in adenosine 

trisphosphate {ATP) depletion and a loss of the Na+ gradient. The 

present data do suggest that mastoparan is involved in the 

impairment of AIB uptake and enhancement of AIB efflux in MOCK 

cells. Both of these effects could deplete the intracellular 

content of amino acids and eventually lead to cell death. 

) 

) 
) 
) 
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Introduction 

The changes in amino acid transport observed previously may 

be due to changes in Na\K•-ATPase activity since AIB net uptake 

is mediated in part by Na•,K+-ATPase activity (Eng and Lo, 1987). 

Based on evidence that mastoparan activates phosphatidylinositol 

specific phospholipase c (Okano et al., 1985) and that phospha

tidylinositol is required for activation of the Na• ,K•-ATPase in 

microsomal membranes prepared from rat kidney (Mandersloot et al., 

1978; Roelofsen and VanLindeSibenius, 1981), the primary objective 

of the present study was to determine the effects of mastoparan on 

Na•,K•-ATPase. In prelminary experiments we found that mastoparan 

inhibits rat renal Na+,K+-ATPase activity. A more detailed study 

was therefore performed to determine the effects of mastoparan on 

the Vmax of rat kidney Na+, K•-ATPase and on the Kd (apparent 

dissociation constant) for Na•, K+, and ATP. 

Mastoparan could inhibit Na +, K+ -ATPase by reducing the number 

of enzyme sites, or by decreasing the rate of turnover of each 

site. Either of these mechanisms would result in a decrease in the 

Vmax of the enzyme. The second objective, therefore, was to 

determine the effect of mastoparan on the generation of phos-

phorylated intermediate. If the same amount of phosphorylated 

intermediate were formed in the presence of mastoparan as in its 

absence, then this would suggest that mastoparan inhibits by 

reducing the turnover rather than the number of sites. 
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Alternatively, if the inhibition of Na+,K+-ATPase was mediated 

through the degradation of the phosphatidylinositol "pool", then 

the treatment of microsomal membranes with neomycin, an amino

glycoside antibiotic that is a relatively specific inhibitor of 

inositol phospholipid metabolism (Lang et al., 1977; Lodhi et al., 

1979; Lipsky and Lietman, 1982; Marche et al., 1983; Schacht, 1978; 

Schwertz et al., 1984), should abolish or attenuate the inhibition 

of Na+,K+~ATPase by mastoparan. The final objective, therefore, was 

to determine the effects of neomycin on inhibition of Na+,K+-ATPase 

by mastoparan. 
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Results 

Time course of the effects of mastoparan on Na+, R+-ATPase activity 

Mastoparan (75 ugjml) significantly decreased (p<.05) Na+,K+

ATPase activity compared to the control (assayed in the absence 

of mastoparan) at all time points (Figure 5-1). At this dosage a 

maximal inhibition of 18% was achieved in 30 seconds (Figure 5-1) . 

Dose dependence of the effect of mastoparan 

activity 

on + Na , 

Mastoparan produced a dose dependent decrease in rat kidney 

Na+,K+-ATPase activity (Figure 5-2). Na+,K+-ATPase activity was 

significantly inhibited (p<. 05) at all mastoparan concentrations 

tested, and at the lowest (12.5 ugjml) and highest (100 ugjml) 

concentrations the inhibition was 12% and 24%, respectively 

(Figure 5-2}. 

The effect of mastoparan on the kinetics of activation of Na+, R+-

ATPase by sodium, potassium, and ATP 

The pattern of activation by sodium of rat kidney Na+, K+-ATPase 

treated with mastoparan (75 ugjml) and that of controls is shown 

in Figure 5-3. The Kd's for Na+ obtained from Hill plots (Figure 

5-3, inset) were 15.28 ± 0.89 mM for the controls and 16.74 ± 0.96 

mM for the mastoparan treated membranes (n=6, p~.577). The Hill 

coefficients (an index of the number of binding sites and their 

degree of interaction) were 1.60 ± 0.09 and 1.37 ± 0.14 for the 

controls and mastoparan treated membranes, respectively (n=6, 

p~.322), (Figure 5-3, inset}. 
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The pattern of activation by K+ of rat kidney Na•,K+-

ATPase treated with mastoparan and that of the controls is shown 

in Figure 5-4. A significant decrease from a control Kd of 1.03 

± 0. 07 mM to a Kd value of 0. 51 ± 0. 041 mM for the mastoparan 

treated membranes was observed (n=6, p<.003) (Figure 5-4, inset). 

~he Hill coefficients for Na• were 0.82 ± 0.05 for the controls 

and 1.0 ± 0.06 for the mastoparan treated membranes (n=4, p<.031), 

(Figure 5-4, inset). 

The pattern of activation by ATP of rat kidney Na•,K+-ATPase 

treated with mastoparan and that of controls is shown in Figure 5-

5. The Kd's for ATP were 0.41 ± 0.10 mM for the controls and 0.35 

+ 0.10 mM for the mastoparan treated membranes (n=6, p~.059) 

(Figure 5-5, inset). The Hill coefficients were 2.20 ± 0.29 and 

2. 69 ± 0. 69 for the controls and mastoparan treated membranes, 

respectively (n=6, p~.551) (Figure 5-5, inset). 

The effect of mastoparan on the formation of phosphorylated 

intermediate 

The amount of phosphorylated intermediate per mg protein was 

21.5% greater in the mastoparan treated membranes than in the 

controls (p<.OOl) (Figure 5-6). 

The effect of neomycin on the inhibition of Na• ,K .. -ATPase by 

mastoparan 

Pre-treatment of the membranes with 2 mM neomycin had no 

significant effect on Na+ ,K .. -ATPase activity (data not shown). 

When the membranes were pre-treated with varying concentrations of 
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neomycin and incubated in the presence of mastoparan (75 ugjml), 

Na+,K+-ATPase activity was greater (p <.05) compared to that of 

membranes treated with mastoparan (75 ugjml) alone (Table 5-l). 
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Table 5-l. Effect of neomycin on rat renal Na•,K•-ATPase activity 

treated with mastoparan. controls represent membrane preparations 

that have no treatment. Other membrane preparations were pre-

treated with varying concentrations of neomycin then treated with 

mastoparan (75 ugjml). Na+ ,K•-ATPase activity was determined as 

described in "Methods". Activity is expressed as umoles Pi per rng 

protein per hour. Values represent the mean± S.E.M. of the number 

of experiments indicated. p values given are compared to controls. 
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Table 5-1. Effect of neomycin on rat renal Na +, K+ -ATPase treated with 

mastoparan: 

---------------------------------------------------------------
Control Mastoparan Treated 

Concentrations of Neomycin 

OmM 0.25mM 0.50mM 1.0mM 2mM 

-----------------------------------------------
Na+ ,K•-ATPase Activity 

(umoles Pijmg proteinjhr): 

52±1. 6 46±1. 4 47.4±1.7 47.6±1.3 48.5±1.3 50.5±1.5 

n=lO n::::S n::::6 n=6 n=6 n=6 

p<.05 p<.05 p<.05 p<.05 N.S. 

----------------------------------------------------------

'' 
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Figure 5-l. Time course of the effects of mastoparan on rat renal 

Na•, K•-ATPase activity. Membrane preparations were treated with 

mastoparan ( 7 5ugjml) for various times. Na +, K+ -ATPase activity was 
measured as described in 11 Methods 11

• Values are mean ± S. E.M. 

r::~ , 
(n=9). p values indicated are compared to time o; ** = p<.OOl 
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Figure 5-2. Dose dependence of the effects of mastoparan on rat 

renal Na•,x•-ATPase activity. Membrane preparations were treated 

with varying concentrations of mastoparan. + + Na , K -ATPase was 

determined as described in "Methods". Values presented are mean 

± S • E • M. ( n= 10) • p values indicated are compared to 0 ugjml 

mastoparan; ** = p<.OOl 
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Figure 5-3. Pattern of activation by sodium of rat renal Na+,K+-

ATPase. Membrane preparations were treated with distilled 

water ([J) or distilled water containing 75 ugjml mastoparan 

( •) and activated by varying concentrations of Na+. Each point 

represents the mean ± s. E. M. ( n=6) . p values indicated are 

compared to control values at each respective sodium concentration; 

* = p<.05; all other values are not significant (p>.05). Inset: 

Hill Plot of data in Figure 3. Ko (apparent dissociation constant 

for Na+) was determined as the antilog of the value on the x axis 

when y = 0. The Hill coefficient was obtained from the slope. 

Each value represents the mean± S.E.M. (n = 6}. Lines were drawn 

by linear regression. 
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Figure 5-4. Pattern of activation by potassium of rat renal Na...,K•-

ATPase. Membrane preparations were treated with distilled water 

([J) or distilled water containing 75 ugjml mastoparan (II) and 

activated by varying concentrations of K+. Each point represents 

the mean ± S.E.M. (n=8) . p values indicated are compared to 

control values at each respective potassium concentration; * = 

p<.05; all other values are not significant (p>.05). Inset: Hill 

Plot of data in Figure 5-4. Ko (apparent dissociation constant for 

K+) was determined as the antilog of the value on the x axis when 

y = o. The Hill coefficient was obtained from the slope. Each 

value represents the mean + S.E.M . (n = 6}. Lines were drawn by 

linear regression. 
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Figure 5-5. Pattern of activation by ATP of rat renal Na•,K•-

ATPase. Membrane preparations were treated with distilled water 

([J) or distilled water containing 75 ugjml mastoparan (II) and 

activated by varying concentrations of ATP. Each point represents 

the mean ± S • E • M. ( n=9) • p values indicated are compared to 

control values at each respective ATP concentration; * = p<.05; 

all other values are not significant (p>.05). Inset: Hill Plot 

of data in Figure 5-5. ~ (apparent dissociation constant for ATP) 

was determined as the antilog of the value on the x axis when y = 

o. The Hill coefficient was obtained from the slope. Each value 

represents the mean + S.E.M. (n = 6). Lines were drawn by linear 

regression: 
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Figure 5-6. Effect of mastoparan on the formation of 

phosphorylated intermediate. Membrane preparations were either 

treated with diluent or mastoparan (75 ugjml). Generation of 

phosphorylated intermediate is described in "Methods". Value are 

mean ± S • E. M. n = 16 • * = value significantly different from 

controls (p<.05). 
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Discussion 

In the present study, mastoparan was found to produce a 

concentration dependent inhibition of Na•,K•-ATPase activity of 

membrane fractions prepared from rat kidney. At 100 ugjml, 

the highest concentration of mastoparan tested, inhibition of the 

enzyme's Vmax was approxiamately 25%. The inhibition does not 

appear to be due to a decrease in the number of Na•,K•-ATPase 

sites, because the amount of phosphoenzyme intermediate formed in 

the presence of mastoparan was greater than, rather than less than, 

that formed in its absence. This is supported by the observation 

that the inhibition occurred rapidly, reaching completion within 

30 seconds or less. It therefore does not appear to be due to a 

decrease in the rate of synthesis of Na•,K•-ATPase sites or to an 

increase in the rate of their degradation since these processes 

would require a latency of several minutes to hours for their 

effect to become evident. A possible mechanism for the inhibition 

of Na +, K+ -ATPase in the presence of less than saturating 

concentrations of Na +, K+, or ATP, would be a decrease in the 

enzyme's affinity for one or more of these substrates. However, 

this does not appear to have occurred in the present experiments, 

because mastoparan decreased the Kd forK+, and it had no effect on 

the Kd's for Na+ and ATP. Mastoparan also had no effect on the Hill 

coefficients for the three substrates. Because of the apparent 

increase in the affinity of the enzyme for K+ observed in the 

presence of mastoparan, inhibition of Na•,K•-ATPase activity by 
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mastoparan occurred almost exclusively at the higher range of K+ 

concentrations. The effect of the inhibitor on the Kd for K+ 

therefore appears to be as important kinetically as its affect on 

the Vmax in the lower range of K+ concentrations. 

The mechanism by which mastoparan increased the amount of 

phosphoenzyme intermediate is obscure. A highly speculative 

explanation for this effect is that even in the presence of 100 

rnM Na• and the absence of added K+, there was a slow but finite 

turnover of the phosphoenzyme intermediate, and that mastoparan 

increased the steady state amount of phosphoenzyme intermediate by 

slowing its breakdown (the rate limiting step) • stabilization of 

the phosphoenzyme intermediate could help explain the decrease in 

Vmax produced by mastoparan since this would decrease the rate of 

Na•,K•-ATPase turnover. Because neomycin, which is an inhibitor of 

inositol phospholipid metabolism (Lang et al., 1977; Lodhi et al., 

1979; Lipsky and Lietman, 1982; Marche et al., 1983; Schacht, 1978; 

Schwertz et al., 1984), was found to attenuate the inhibition of 

Na•,K•-ATPase by mastoparan, and because the activity of renal 

Na•,K•-ATPase appears to require the presence of phosphatidylinosi

tol (Mandersloot et al., 1978 and Roelofsen and VanLindeSibenius, 

1981), the mechanism of the inhibition of Na•,K•-ATPase by 

mastoparan may involve degradation of the phosphatidylinositol 

"pool". 



Chapter 6: 

THE EFFECTS OF NEOMYCIN ON MASTOPARAN-INDUCED LACTATE 

DEHYDROGENASE RELEASE, ETHIDIUM BROMIDE ACCUMULATION, 

AND INTRACELLULAR FLUORESCEIN DEPLETION IN MOCK CELLS 
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Introduction 

In addition to the many other effects elicited by mastoparan, 

the peptide also causes the degranulation of mast cells and 

histamine release (Hl.'ra' t 1 l. e a., 1979b} and multigranular 

exocytosis (Kurihara et al., 1986}. one of the possible mechanisms 

of mastoparan-induced cell injury is the perturbation of membrane 

phospholipids resulting in an increase in membrane permeability. 

Presumably the release of lactate dehydrogenase (EC 1.1.1.27; LDH} 

reflects cell injury and eventual cell death. Although the effect 

of mastoparan on lactate dehydrogenase release in MDCK cells was 

examined in previous chapters, no cytological observations using 

ethidium bromide and fluorescein accumulation were provided to 

confirm cell death. Accordingly, the effect of mastoparan on LDH 

release, ethidium bromide, and fluorescein accumulation were 

studied. 

Neomycin, a polycationic aminoglycoside antibiotic, acts on 

the plasma membrane resulting in the alteration of membrane 

function tHumes et al., 1982). It interacts with anionic 

polyphosphoinositides (Sastrasinh et al., 1982). It blocks Ca++_ 

dependent histamine secretion from mast cells (Cockcroft and 

Gomperts, 1985}, inhibits thrombin-induced cell proliferation of 

hamste.r fibroblast (Carney et al., 1985}, and abolishes thrombin

induced inositol phosphate formation in human platelets (Siess and 

Lapetina, 1986). The cationicity of the ionizable groups of 

various aminoglycosides is a major molecular determinant of their 
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action on plasma membranes (Humes et al., 1982). There is a 

correlation between the number of cationic charges of the amino

glycoside and its affinity for its membrane receptor. Since 

mastoparan and neomycin (with 6 ionizable amino groups) are 

cationic peptides and react with the negatively charged membrane 

phospholipids, the interaction of mastoparan and other 

aminoglycosides on membrane permeability was studied. 
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Results 

LDH release in response to different concentrations of mastoparan 

LDH release was dependent on the concentration of mastoparan 

(Figure 6-1a) and the duration of exposure to the toxin (Figure 6-

lb). Mastoparan at concentrations of 5 to 75 ugjml caused marked 

LDH release. The amount of LDH released peaked at 15 minutes after 

the addition of mastoparan to the cells. 

LDH release from MDCK cells in response to increasing concentra

tions of neomycin 

Neomycin blocks mastoparan-induced LDH release and stabilizes 

membrane permeability from a dosage of 0.5 mM to a maximum of 2 mM 

(Figure 6-2a) . 

Time course of mastoparan-induced LDH release in response to 

neomycin 

Neomycin (2 mM) inhibited LDH release in mastoparan-treated 

MDCK cells over a 15 minute period (Figures 6-2b). Although 

neomycin is known to produce nephrotoxic acute renal failure (Humes 

et al., 19~2}, a brief exposure of 30 minutes to neomycin alone did 

not cause LDH release (Figure 6-3). Furthermore, no other 

cytotoxic effect was observed as demonstrated by ethidium bromide 

and fluorescein accumulation when MDCK cells were treated with 0.5 

to 2.0 mM neomycin (data not shown). 

Inhibition of mastoparan-induced LDH release in response to 

spermidine, streptomycin, gentamicin, and neomycin 

The effect of aminoglycosides on mastoparan-induced LDH 
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release showed that neomycin and gentamicin are more effective than 

streptomycin (Figure 6-3). In addition, spermidine, a polyamine, 

inhibits mastoparan-induced LDH release (Figure 6-3). 

Effect of mastoparan on percent intracellular fluorescein retention 

in MOCK cells 

Mastoparan (75 ugjml) depleted intracellular fluorescein; 

neomycin (2mM) inhibited the action of mastoparan (Figure 6-4). 

Furthermore, digitoxin ( 0. 5 mM) , a cardiac glycoside, did not 

deplete intracellular fluorescein suggesting that mastoparan and 

digitoxin act on cell membranes differently (Figure 6-4). 

The effect of aminoglycosides on mastoparan-induced ethidium 

bromide accumulation and intracellular fluorescein depletion 

correlated with LDH release which showed that neomycin and 

gentamicin are more effective than streptomycin (Figure 6-4). In 

addition, spermidine similarly inhibits LDH release and prevents 

intracellular fluorescein depletion induced by mastoparan (Figure 

6-4) . 
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Figure 6-la. LDH release in response to different concentrations 

of mastoparan. MOCK cells were incubated with mastoparan for 15 

minutes at 37°C. Aliquots of the medium were analyzed for LDH (see 

"Methods") . LDH release 

total cellular LDH (3248 

unstimulated cultures. 

described under "Methods". 

was calculated as a percentage of the 

± 200 units/liter per culture) in 

Analysis of total cellular LDH was 

The values shown in the figure were 

corrected for spontaneous release to give net release as determined 

in matched unstimulated cultures. Values shown are mean ± S.E.M. 

for eight cultures. p values indicated are compared to o ugjml 

mastoparan; * = p<.OS; ** p<.OOl. 
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Figure 6-1b. Time course of LDH release from MDCK cells in 

response to mastoparan. MOCK cells were incubated with mastoparan 

(75 ugjml, final concentration) at the indicated time at 37°C. 

Analysis of LDH is described in "Methods". The values are mean ± 

S.E.M. for eight cultures. p values indicated are compared to time 

0. ** = p<.001 
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Figure 6-2a. Inhibition of mastoparan-induced LDH release in 

response to increasing concentrations of neomycin. MDCK cells were 

incubated with neomycin for 10 minutes at 37°C followed by the 

addition of mastoparan (75 ugjml). After 15 minutes of incubation 

at 37°C, LDH release was analyzed as described in "Methods". 

The values are mean ± S.E.M. for eight cultures. p values 

indicated are compared to neomycin (0 rnM); ** = p<.OOl. 
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Figure 6-2b. Time course of mastoparan-indueed LDH release in 

response to neomycin. MDCK cells were incubated with neomycin 

(2mM; closed squares) or its diluent (open squares) for 10 minutes 

at 37°C followed by the addition of mastoparan (75 ugjml). At the 

indicated time of incubation, LDH release was analyzed as described 

in "Methods". The values are mean ± S.E.M. Each point (with or 

without neomycin) represents 8, 12, 4, 8, and 4 cultures at 0.25, 

0.50, 5, 10 and 15 minutes, respectively. p values indicated are 

compared to 2 mM neomycin at each respective time point; ** = 

p<. 001. 
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Figure 6-3. Inhibition of mastoparan-induced LDH release in 

response to spermidine, streptomycin, gentamicin, and neomycin. 

MOCK cells were incubated with 2 mM spermidine, streptomycin, 

gentamicin, and neomycin for 10 minutes at 37°C followed by the 

addition of mastoparan (75 ugjml} or its diluent. After 15 minutes 

of incubation, LDH release was analyzed as described in "Methods". 

The values are mean ± S.E.M. for seven cultures. C = control, M = 

rnastoparan, N = neomycin, G = gentamicin, s = streptomycin, P = 

spermidine. p values indicated are compared to cells treated with 

mastoparan ·and neomycin; N. S. = not significant (p>. 05} ; ** = 

p<. 001; values representing spermidine treatment alone or anti-

biotic treatment alone were not significantly different (p>. 05) 

from control values. 
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Figure 6-4. Effect of mastoparan on percent intracellular 

fluorescein retention in MDCK cells. Cell suspension was obtained 

by treating the mono- layer MOCK cells with trypsin solution for 

30 minutes at 37°C as described in "Methods". The cells were 

incubated with 2 mM neomycin [N], 2 mM gentamicin [G], 2 mM 

streptomycin [S], 2 mM spermidine [P], and 0.5 mM digitoxin [D) for 

5 minutes followed by the addition of mastoparan [M] (75 ugjml, 

final concentration) or its diluent. After 15 minutes of 

incubation, ethidium bromide and fluorescein diacetate were added 

to the cells and incubated for 3 minutes at room temperature. 

Cells containing fluorescein (considered as live cells) or ethidium 

bromide (considered as injured cells) were examined and counted 

under a fluorescein microscope as described under "Methods". 

Intracellular fluorescein accumulation was calculated as a 

percentage of the total number of cells examined. Values 

representing digitoxin [ D] I neomycin [N] I gentamicin [G), 

spermidine [P], and streptomycin (S] treatment alone are not 

significantly different (p. >05) from control values ( -M] . The 

values are mean ± S.E.M. for seven cultures. p values indicated 

are compared to mastoparan and neomycin treated cells; N.S. = not 

significant (p>.05); ** = p<.OOl. 
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Discussion 

Since both aminoglycosides and mastoparan contain cationic 

ionizable amino groups, it is possible that neomycin is competing 

with mastoparan for anionic binding sites on membrane phospho

lipids. Therefore, different aminoglycosides were used to compare 

the influence of charge-charge interaction on the effects of 

mastoparan. Cationicity derived from the ionizable group of 

various aminoglycosides is not only a major determinant of the 

action of aminoglycosides on the plasma membrane (Humes et al., 

1982), it also correlates with the aminoglycoside's effectiveness 

in countering mastoparan' s effect. The present data show that 

neomycin (six ionizable amino groups) and gentamicin (5 ionizable 

groups) were more effective than streptomycin (3 ionizable amino 

groups) in blocking mastoparan-induced LDH release and 

intracellular fluorescein depletion (Figures 6-3 and 6-4). 

Polyamines are known to stabilize membranous structures. Cells 

treated with the polyamine spermidine (three ionizable amino 

groups) were also found to inhibit mastoparan-induced LDH release 

and intracellular fluorescein depletion (Figures 6-3 and 6-4). 

These results indicate that cationic amino groups play a major role 

in deterring the actions of mastoparan on membrane permeability. 



Chapter 7 

Summary and Perspectives 
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summary and Perspectives 

From the data presented, mastoparan is a cytoactive substance 

that has the ability to alter various aspects of cell structure and 

function. Mastoparan has been demonstrated to activate phospho

inositide breakdown by mechanisms that are not yet clear. Though 

the ionsitol phospholipid precursor of mastoparan-mediated inositol 

phosphate production and phosphatidylinositol phosphate degradation 

has been demonstrated in the presence of mastoparan (Figure 3-la), 

the activation of phospholipase c by mastoparan has not been 

established conclusively. In addition, mastoparan is able to 

activate phosphatidylinositol and phosphatidylinositol 4-phosphate 

specific kinases in plasma membrane enriched preparations (Tables 

3-3, 3-4). This results in the formation of a greater quantity of 

PIP and PIP2 , respectively, in membrane preparations. However, PIP2 

in the whole (MOCK) cell is degraded; an effect possibly due to 

intracellular depletion of ATP concentrations. 

It is possible that the hydrophobic binding of mastoparan to 

membrane phospholipids not only effects enzymes involved in 

phosphoinositide metabolism, but also alters membrane structure 

and function, and consequently results in an increase in membrane 

permeability. To verify changes in membrane permeability, 

cytological observations employing ethidium bromide and fluorescein 

diacetate were used to corroborate the quantitative data obtained 

from LDH release. Cell viability was shown to be dramatically 

·lower in the presence of mastoparan when compared to controls 
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(Figures 6-3, 6-4). The quantity of LDH released was observed to 

be dose and time dependent (Figure 3-1b, Table 3-1). Furthermore, 

mastoparan-mediated LDH release and inositol phosphate formation 

were closely associated to one another and independent of 

extracellular calcium concentrations (Tables 3-1, 3-2). 

Since mastoparan is known to alter membrane structure and 

function, changes in membrane permeability may not be the only 

consequences of mastoparan' s action. Mastoparan was found to 

completely inhibit Na+-dependent net alpha-aminoisobutyric acid 

(AIB) uptake in MOCK cells (Figures 4-1, 4-2). • + + SJ.nce Na , K -ATPase 

activity is the energy source for the development and maintenance 

of the Na+ gradient, it is possible that mastoparan inhibits AlB 

uptake by inhibiting Na+,K+-ATPase activity. 

Mastoparan was found to inhibit rat renal + + Na , K -ATPase 

activity in a time and dose dependent fashion (Figures 5-l, 5-2). 

At the highest concentration tested (100 ugjml), the enzyme's Vmax 

was inhibited by 25%. This inhibition reached completion within 

3 0 seconds. Due to mastoparan' s rapid effects on Na +, K+ -ATPase 

activity, this inhibition does not appear to involve either a 

decrease in the rate of synthesis of Na +, K+ -ATPase sites or an 

increase in the rate of their degradation since these processes 

require a latency period of at least several minutes. In addition, 

the amount of phosphoenzyme intermediate formed in the presence of 

mastoparan was greater than that formed in its absence (Figure 5-

9), further indicating that inhibition of Na+,K+-ATPase by mastopa

ran is not due to a decrease in the number of Na+,K+-ATPase sites. 
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A possible mechanism for the inhibition is that mastoparan 

stabilizes the phosphoenzyme intermediate and reduces the Vmax of 

the enzyme by decreasing the rate of turnover of existing enzyme 

sites. 

Though mastoparan has been demonstrated to inhibit Na• ,K•

ATPase activity, the inhibition of Na•,K•-ATPase activity alone 

does not altogether explain the complete inhibition of net AIB 

uptake. In the presence of 1 mM ouabain, AIB net uptake was 

inhibited by 36%, whereas mastoparan (75 ugjml) completely 

inhibited net AIB uptake (Figure 4-3). Since 1 mM ouabain is 

sufficient to completely inhibit + + Na , K -ATPase activity, this 

additional inhibition of AIB net uptake by mastoparan may be due 

to some mechanism different from, or in addition to, the inhibition 

of Na•,K•-ATPase activity. A possible mechanism is that mastoparan 

causes an increase in membrane permeability resulting in the 

dissipation of the Na+ gradient. This increase in membrane 

permeability could explain the significant increase in AIB efflux 

when compared to controls, the release of LDH from the cells, as 

well as the intracellular accumulation of ethidium bromide in 

earlier studies. 

The mechanisms involved in mastoparan's inhibitory effect on 

AIB uptake and Na•,K•-ATPase activity are still an area of 

speculation. Mastoparan can either affect cell function directly 

or its effects could be indirect through the activation of 

phosphoinositide breakdown. This latter proposal was initially 

favored based on neomycin's ability to attenuate mastoparan's 
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inhibitory effects. Aminoglycoside antibiotics are relatively 

specific inhibitors of inositol phosphate metabolism (Lang et al., 

1977; Lodhi et al., 1979; Lipsky and Lietman, 1982; Marche et al., 

1983: Schacht, 1978; Schwertz et al., 1984), an effect supported 

by the obervation of attenuated mastoparan-mediated inositol 

phosphate formation in the presence of neomycin (Table 3-6). 

Although the mechanism of neomycin 1 s ability to "protect" cell 

function was initially thought to be inhibition of inositol 

phospholipid metabolism, studies employing molecules with different 

charged groups showed that this is not the case. Cationic groups 

are a major determinant in deterring the actions of mastoparan on 

cell function, especially membrane permeability (Figures 6-3, 6-

4). Therefore, neomycin's ability to attenuate mastoparan-mediated 

inhibition of AIB net uptake and Na• ,K•-ATPase activity and the 

increase in AIB efflux, LDH release, and intracellular ethidium 

bromide accumulation, is through charge-charge interactions which 

prevented the binding of mastoparan to membrane phospholipids. 

If rnastoparan is permitted to interact with the plasma 

membrane wi~hout interference from polycationic charged groups, it 

will be able to elicit its cytotoxic effects. However, neomycin's 

ability to attenuate mastoparan' s effects suggests that phosphoino

sitide breakdown plays a role in the rnastoparan-induced alterations 

in plasma membrane structure and function and the pathogenesis of 

cell injury. The binding of mastoparan to membrane phospholipids 

may be required for the stimulation of this breakdown. Ideally a 

method should be used to inhibit specific enzymes involved in 
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phosphoinositide breakdown. This would provide the tool necessary 

for determining the role of phosphoinositide breakdown in 

mastoparan' s pathogenesis. To date, specific inhibitors of 

enzymes involved in phosphoinositide breakdown that do not compete 

on a charge-charge basis with mastoparan have not been found. 

There are still significant gaps in our knowledge about the 

regulation of the phosphoinositide pathway as well as the whole 

biochemical "image" of wasp venoms. Further research on the 

biochemical mechanism of the toxicity of wasp venoms will therefore 

be necessary. 
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MOCK cells." Life sciences, accepted for publication. 
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'Flourescein Depletion in MOCK cells." Cell Biology and 
Toxicology, accepted for publication. 

5. Howard Bryant, Samuel P. Eng, Laura E. Klein, and Chu 
s. Lo. (1988) "Effects of triiodothyronine on resting 
membrane potentials of primary cultured rat 
submandibular gland cells." Cell Biology 
International Reports, 12 (12): 1027-1036. 

6. Theresa N. Lo, samuel P. Eng, Leslie A. Jaseph, 
Michael A. Beaven, and Chu s. Lo. (1988) "Cardiotoxin 
from cobra venom increases the level of phosphatidyl
inositol 4-monophosphate and phosphatidylinositol 
kinase activity in two cell lines." Biochimica. et. 
Biophysica. Acta. 970: 51-60. 



7. Samuel P. Eng and Chu s. Lo. (1987) "Effect of 
triiodothyronine on System A amino acid transport 
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Archiv. 408: 519-523. 
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